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Pultrusion is an industrial process for the manufacture of fibre-reinforced composites
having highly aligned continuous fibre reinforcement. In this work, the effect of processing
conditions (temperature) and material composition (filler type, filler content, release agents)
on the mechanical properties of pultruded glass fibre-reinforced polymer matrix composites
was investigated. The processing-property relationships of the pultruded composites were
assessed by measuring the tensile and flexural behaviour, short beam strength and curing
behaviour. An empirical model is developed to predict the density of the composites, based
on the volume fraction of glass fibre, filler additions and shrinkage behaviour. The study
shows that significant improvements in the tensile (>75%), flexural (>15%) and interlaminar
shear strength (>50%) in pultruded composites, including waste reduction and decreased
manufacturing costs, are possible by manipulating the processing conditions and composi-
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1.1 Background and purpose
Pultrusion is an efficient manufacturing process for the production of continuous lengths
of fibre-reinforced polymer matrix composite materials having a constant cross-section [4].
Pultrusion has been a commercial fabrication process since the early 1950s. Pultruded pro-
files exhibit exceptional chemical, electrical and mechanical properties and are thus suitable
for use in many high performance industries (Table 1.1). Material and product formula-
tions for the pultrusion process are often developed through trial and error without rigor-
ous experimental regimes in an industrial setting. Such development methods may result
in suboptimal properties in one or more aspects.
The purpose of this research is to explore the effects of matrix additives on the mechani-
cal properties of pultruded composites, with the aim of developing a new resin formulation
suitable for use in the pultrusion of high performance composites and to develop a model
for prediction of microstructural properties.
Fillers and other additives play a major role in determining the properties of pultruded
composites [5]. The pultrusion literature reports on the general effects of fillers and addi-
tives on the mechanical properties of pultruded composites, particularly with regard to pul-
truded glass fibre reinforced polyester matrix composites. However, the literature concern-
ing pultruded glass fibre reinforced polyurethane matrix composites is sparse. Therefore,
the present work aims to explore the effects of the additive type, particle size and content
on the mechanical (tensile, flexural and short beam) properties of pultruded glass fibre rein-
forced composites based on a polyurethane matrix. The tensile, flexural and shear strength
of the pultruded composites was measured as a function of the additive type and content. A
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TABLE 1.1: Applications of pultruded composite materials
Field Desired Properties Example Uses
Automotive Mechanical strength, low density,






Construction Mechanical strength, low density,













Chemical stability, fatigue resis-
tance, UV stability
Boat trailers, waste wa-
ter, dynamic sculptures
Decoration Simplicity of profiles, price Curtains, frames, cov-
ers





secondary objective was to develop a model to predict the density and packing properties of
pultruded composites in order to capture the effects of fibre and additive size distributions.
1.2 Thesis outline
The thesis is divided into the following chapters. Chapter 1 introduces the topic of the the-
sis, giving motivation and objectives of the project. Chapter 2 provides a literature review
and description of the pultrusion process, highlighting some of the gaps in knowledge in the
existing literature and the research questions that emerge. Chapter 3 describes the general
experimental procedures used in this research. Chapter 4 details the lab scale pultrusion
machine specifically developed for this research. Chapter 5 is concerned with the particle
size distributions of the fillers considered in this research. Chapter 6, 7 and 8 examine the
effects of filler properties on the tensile, flexural and short beam properties, respectively.
Chapter 9 attempts to describe the microstructure of the pultruded composites using statis-
tical modelling. Chapter 10 provides the main conclusions and recommendations for future




2.1 Introduction to the pultrusion process
During the pultrusion process, fibres are mechanically drawn through an impregnation bath
of uncured matrix resin (Figure 2.1). The resin impregnated fibres then pass through a
heated die that acts to form the cross-section and cure the thermosetting resin. The pul-
truded material is then parted to the desired length by using a flying cut-off saw.
The continuous fibre reinforcement used in the pultrusion process is available in vari-
ous forms including unidirectional rovings (untwisted bundles of fibre), continuous strand
(random) mat, or continuous woven mat. A surfacing veil may also be incorporated into
the surface of the pultruded material to improve the surface finish and/or environmental
stability of the product. The matrix resin is continuously pumped from a reservoir into the
impregnation bath to ensure constant supply and uniform temperature. Typically, the resin
will contain additives including catalysts, fillers, stabilisers, pigments and flame retardants
depending on the required product properties.
The heated die is a multi-part mould typically machined from tool steel with a length
between 500 and 1000 mm. The mould face is highly polished and mostly runs parallel to
the pulling axis for the entire length of the die. Rounded inlet shoulders are also used to
reduce fibre damage and provide a steady pressure rise within the fibre/resin system that
assists with reducing the void content [6]. Typically, the die is heated via electrical resistance
heaters in the form of platens or cartridges. Alternatively, heat to the die may be provided
by circulating a fluid (such as oil or steam) within passages that have been machined into
the die.
The pulling mechanism may involve using a hand-over-hand unit or continuous roller
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puller. Generally a continuous roller puller is used for simple rectangular or circular pro-
files, while a hand-over-hand unit is used for more complex profiles such as I-beams and
rectangular hollow sections. The pulling mechanism is also used to control the pultrusion
speed, controlling the curing extent of the composites.
FIGURE 2.1: Schematic layout of the pultrusion process.
2.2 Resin formulation materials and additives
2.3 Effects of resin temperature on the pultrusion process
The viscosity and curing time of thermosetting resins are highly sensitive to temperature.
The temperature of operating environments in many industrial settings tends to be highly
variable due to a low degree of control. However, the resin impregnation and curing be-
haviour may be decoupled from environmental variation by directly controlling the tem-
perature of the resin bath during the process.
Borges et al. [7] studied the influence of bath temperature (30 - 70 ◦C) on the processing
robustness and properties of pultruded glass fibre reinforced rods containing an unsaturated
polyester resin (UCEFLEX ISO 1005 from Elekeiroz). Resin viscosity and catalyst (benzoyl
peroxide) stability were too low for successful pultrusion at temperatures greater than 50 ◦C.
In-die curing time was found to decrease from 120 to 95 seconds with an increase of resin
temperature from 30 to 50 ◦C. Increasing resin bath temperature resulted in higher tensile
strength, elongation at break and hardness. However, the elastic modulus decreased lin-
early from 34.6 GPa at 30 ◦C to 31.2 GPa at 50 ◦C with void content increasing from 4.85 to
6.95 vol%. Resin fibre wet-out was increased as the resin bath temperature was increased
due to a decrease in resin viscosity. However, most of the excessive loss of resin from the
glass fibres prior to entering the die was observed at higher temperatures. The allowable
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resin viscosity was found to be between 400 and 5000 mPa s. While the curing time was
significantly reduced at temperatures above 60 ◦C. It was recommended that the pultrusion
process be operated using a resin bath temperature between 30 and 50 ◦C. Flexural proper-
ties were not examined as a part of the study, nor were the effects of fillers.
Chen et al. [8] examined the effect of bath temperatures (25 -55 ◦C) on the polymerisation
of furfuryl alcohol during the pultrusion process. A resin bath temperature of 25 ◦C resulted
in an extended pot life and ideal viscosity range over an 8 h period (700 mPa s to 1000 mPa s).
No mechanical properties were considered in the study and no consideration was given to
fillers.
Resin bath temperature control has been shown as an effective method for controlling
the viscosity of uncured resin during pultrusion and may result in improved mechanical
properties in pultruded composites.
2.4 Effect of additives on the mechanical properties of pultruded
composites
Additives are added to the resin primarily for two reasons. Additives can be used to reduce
the cost of the final products by reducing the resin content. Additives may also improve
the surface finish of the final products by altering interactions at the profile-die interface.
Additionally, additives may be used to improve flammability or environmental resistance
of pultruded composites. Additives have the potential to significantly alter the mechanical
properties of pultruded materials with both positive and negative effects being possible.
Landon et al. [9] studied the effects of particle diameter of a spherical glass bead filler
on the tensile strength of a cast thermosetting polyurethane resin. The tensile strength was
found to decrease linearly with increasing particle diameter, with a maximum dependence
of tensile strength on particle diameter at a filler volume fraction of 0.2. Fibre reinforcement
was not used in composites considered in the study.
The flexural strength of pultruded glass fibre reinforced polyurethane matrix composites
was increased with both mica and calcium carbonate filler contents between 0 and 40 parts
per hundred resin (phr), Chen et al. [10]. Calcium carbonate provided greater improve-
ments in flexural strength compared to mica. The calcium carbonate and mica had a particle
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sizes of 350 and 325 mesh, respectively. No other particle sizes or loading conditions were
examined in the study.
The influence aluminium based fillers (20 - 30 vol%) on the microstructure and flexural
properties of pultruded glass fibre composites with isophtalic and vinyl ester resins was
reported by Paciornik et al. [11]. A method of digitally analysing scanning electron micro-
graphs was developed to automate the measurement of the glass fibre content, distribution
of glass fibre diameters and filler and resin content. Glass fibres within most polymer com-
posites tend to be clustered, rather than uniformly distributed. Increasing filler content from
20 to 30 vol% resulted in an increase in flexural modulus from 10 to 12 GPa. The type of alu-
minium based filler used in the study was not reported.
Boukhili et al. [12] examined the physical and mechanical properties of pultruded glass-
fibre composites (v f = 51.6%) containing clay fillers and low profile additives (LPAs).
LPAs are thermoplastic polymers that provide improved shrinkage control in thermoset-
ting resins. Clay powder with a mean particle size of 4.8 µm was used as a filler. Polyvinyl
acetate (PVAc) was used as an LPA in a general purpose unsaturated polyester resin. The
filler and LPA loading between 0 - 40 phr and 0 - 20 phr, respectively. The interlaminar
shear strength of the pultruded composites was slightly sensitive to the filler loading. Span
to thickness ratio (L/d) was varied from 11 to 24 to study the interaction of shear and ten-
sile stresses in flexural tests. Specimens failed through interlaminar shear at L/d = 11 (τf
= 40 MPa, σf = 840 MPa). The flexural strength was not influenced by the filler loading at
L/d = 16 and 24 (σf = 1100 MPa), with tensile and compressive stresses being dominant in
comparison to shear stresses. The standard L/d ratio of 4 for short beam testing was found
to be too low as the specimens failed by compressive yield under the loading nose rather
than by interlaminar shear failure. The addition of the LPA reduced the cure shrinkage due
to microvoid formation. The LPAs that similar effects on the mechanical properties as the
fillers. The study did not consider the effects of different filler particle diameters.
The catalyst type, LPA content and CaCO3 filler content may each contribute to the for-
mation of microvoids as reported by Zhang et al. [13]. The volume fraction of voids has
been observed to increase from 0.86 to 1.89% using 14.3 - 29 wt% calcium carbonate filler
with an average particle size of 7 µm. The appearance of the cured resin became opaque
with increasing filler loading. The void content was also found to be a function of the cat-
alyst. The void fraction was 13% when using a tert-Butyl peroxybenzoate (TBPB) catalyst.
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The use of a methyl ethyl ketone peroxide (MEKP) catalyst resulted in a void content of 7%.
The void formation was reduced by using an applied pressure. Zhang suggests calcium
carbonate filler assists in the formation of microvoids through the nucleation of gas bubbles.
The TBPB catalyst is proposed to react with the CaCO3, releasing CO2 that then acts as an
unintentional blowing agent.
Gupta et al. determined the effects of carbon black, short bagasse fibre and calcium
carbonate fillers on the tensile strength of pultruded glass fibre composites using a Taguchi
analysis [5]. The tensile strength was observed to increase with increasing bagasse fibre
content and decrease with increasing calcium carbonate and carbon black content.
There has been little work on the effects of mould release agents on the short beam
strength of pultruded composites. Irfan et al. [3] observed significant reductions in mechan-
ical properties of pultruded composites using epoxy and polyurethane resins manufactured
with an internal mould release agent. The flexural strength was observed to increase by 50%
when the mould release agent was applied externally to the profile rather than mixed with
the resin. Furthermore, the interlaminar shear strength of the composites was increased
by up to 40% where the mould release agent was applied externally rather than dispersed
throughout the resin mixture. The use of an internal mould release (INT-PUL-24) agent ap-
pears to reduce the interfacial bonding strength between the matrix and glass fibres due
to incomplete migration of the release agent to the surface of the composite, resulting in a
decrease in the interlaminar shear strength.
Previous studies have shown the mechanical properties of pultruded composites are a
function of the morphology and chemistry of additives, with voids and poor fibre-matrix
bonding being responsible for reduced properties. No studies have considered the effects of
filler particle size and content in pultruded polyurethane matrix composites.
2.5 Modelling the effects of additives on pultruded composite prop-
erties
The increasing demand of composite materials in industry calls for cost-effective methods
to accurately predict properties of the composites based on their constituent components.
Traditional methods for characterising composites involve full factorial and Taguchi experi-
mental campaigns. Physical experiments require significant human, infrastructure and time
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resources that are costly. An increasing trend in the composites industry is to complement
and/or replace experimental work with numerical processes capable of rapidly providing
the same information at a lower cost. Significant research has been conducted into the gen-
eration and analysis on representative microstructures of long fibre reinforced composite
materials.
Park et al. [14] studied the effects of filler and void content on the mechanical properties
of pultruded composites under shear loading. Various analytical models were used to pre-
dict the bulk properties of the pultruded composites based on the filler type, filler loading
and void content. Park et al. used a clay powder filler consisting of hexagonal platelets (0.4 -
6.0 µm diameter). It was observed that the shear modulus of the pultruded composites could
be accurately predicted using the Halpin-Tsai and Mori-Tanaka models when the filler and
void content are taken into account. However, the effect of filler particles on the packing
efficiency of the glass fibres and therefore the influence on ultimate strength properties was
not considered.
The effects of fibre packing on the elastic properties of a transversely random distributed,
longitudinally unidirectional glass-epoxy composite was described by Gusev et al. [15]. The
glass fibre diameter distribution and volume fraction of a unidirectional glass fibre compos-
ite was determined. Monte Carlo simulations were used to generate random microstruc-
tures containing glass fibres with a pre-determined diameter distribution. The elastic con-
stants of the composite were predicted by an FEA model based on the generated microstruc-
tures to within a few percent. Modelling of the composite microstructure using either hexag-
onal or square packing arrangements produced significant errors in the predicted properties,
as did the Halpin-Tsai, Tendon-Weng and Wilczynski models. Microstrucutre analysis as a
part of the study showed glass fibres in real composites are not regularly packed and should
be considered as having a random packing array. The glass fibre diameter was observed to
have little influence on the elastic properties of the composite. However, the randomness of
the packing arrangement affected the accuracy of the model. The use of numerical methods
to complement or possibly replace phenomenological models for predicting elastic proper-
ties of composite materials was recommended. However, a limitation of the study was that
fillers were not considered.
Random microstructure generation (RMG) has also been used as a method for predict-
ing elastic properties of real and simulated fibre arrangements in unidirectional long fibre
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composites with high volume fractions by Melro et al. [16] and Romanov et al. [17]. Rep-
resentative volume elements (RVE) of sample microstructures were generated with RMG.
Randomised minimum fibre spacings of between 0 and 7% of the radius of the fibre were
implemented [15]. Finite element (FE) analysis based on the RVEs was in close agreement
with experimental values. However, the effects of filler or variations in the fibre diameter
on the packing efficiency were not considered.
A modified nearest neighbour algorithm method similar to the RMG method was devel-
oped for RVEs as reported by Wang et al. [18]. The microstructure was generated by placing
fibres around a central fibre using probability density functions to describe the angular po-
sition and radial distance. The method is slower than earlier RMG work although produces
more representative RVEs. The RVEs were used to perform 2D and 3D FE analysis to predict
the elastic moduli and Poisson’s ratios of a carbon fibre composite, achieving good agree-
ment with experimental properties in the longitudinal direction, although underestimating
the properties in other loading conditions. Filler particles were once again not considered in
these models.
While significant work has been performed regarding the generation of representative
microstructures for composites with unidirectional reinforcement, there is no published
work regarding stochastic modelling of the effects of particulate additives.
2.6 Summary
Resin viscosity is an important factor in the production of pultruded composites and tem-
perature control has been shown to be an effective means of improving the properties of
pultruded composites containing polyester resin.
Tests regarding the effects of additives on pultruded composites are generally only lim-
ited to one loading condition in the literature, with most work being presented on the flex-
ural properties.
Modelling of unfilled pultruded composites through statistical generation of microstruc-
tures is a well understood field, however no work has been published on the generation of
microstructures for pultruded composites containing particulate fillers.
This research sets out to develop a lab-scale pultrusion machine with a resin temperature
control system that will be used to to produce composites containing various additives. The
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composites will then be tested under tensile, flexural and short beam loading to characterise
the effects of the additives. A statistical microstructure generation model will be developed






Two resins were used in this research, Plexinate P100 and Plexinate P200. Both resins were
manufactured by Plexinate Ltd. Tables 3.2 and 3.1 give the properties of liquid and cured
P100 resin, respectively. No datasheet is available for the Plexinate P200 resin.
TABLE 3.1: Properties of liquid P100 resin
Property Value
Polyurethane polymer content 55%
Styrene content 42-43%
Methyl methacrylate content 2-3%
Isocyanate content 0%
Viscosity at 25 ◦C 200−350mPas
Specific gravity 1.043
TABLE 3.2: Physical properties of unfilled Plexinate P100 castings
Property Value
Tensile strength 87 MPa
Flexural strength 131 MPa
Tensile modulus 3.9 GPa
Flexural modulus 3.8 GPa
Heat deflection temperature 135 ◦C
Elongation at break 3.5%
Barcol hardness 42-44
Specific gravity 1.1
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The resins are based on a mixture of polyurethane polymer and styrene as a reactive sol-
vent. Both resins are cured at elevated temperatures with heat activated peroxides (Section
3.1.4). P100 is intended to be used as a base resin, while P200 is added in small quantities
(≈ 10 parts per hundred resin (phr)) to improve the flexural properties of pultruded com-
posites and reduce the peak exotherm temperature within the pultrusion die during curing
of thick profiles.
3.1.2 Glass fibres
The glass fibres used in this research were Jushi Direct Roving (DR) 312 (Table 3.3). The glass
rovings are coated with a silane based binder and are designed for the pultrusion process.
The linear density of the rovings is given in grams per metre (or tex). Two types of Jushi
DR 312 roving with linear densities of 4400 and 9600 tex were used for this research.
TABLE 3.3: Jushi Direct Roving 312 glass roving properties
Property 4400 tex 9600 tex
Glass type E-glass E-glass
Filament diameter 23 µm 34 µm
Roving area 1.73 mm2 3.77 mm2
Tensile strength 2513 MPa 2513 MPa
Tensile modulus 79.16 GPa 79.16 GPa
Shear strength 67 MPa 67 MPa
3.1.3 Fillers
Talc and limestone fillers were investigated in this research. Talc is a clay mineral composed
of hydrated magnesium silicate with the chemical formula H2Mg3(SiO3)4 (specific gravity
(s.g.) = 2.58-2.83).
Limestone primarily consists of calcium carbonate (CaCO3), in the form of calcite (s.g. =
2.711) and aragonite (s.g. = 2.83). Both talc and calcium carbonate exhibit thermal stability
up to 800 ◦C. Talc is slightly soluble in dilute mineral acids while calcium carbonate reacts
with acids to release carbon dioxide.
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3.1.4 Other additives
Two catalysts were added to the resin formulation in this research, Norox Pulcat AWM and
Norox TBPB. Norox Pulcat AWM is a proprietary peroxide solution designed for cure ini-
tiation of unsaturated polyester and vinyl ester resins in the pultrusion process (Table 3.4).
Norox TBPB is a liquid consisting of pure tert.Butylperoxybenzoate and is used as a radical
source in the polymerization of styrene and methacrylates (Table 3.5). Norox recommends
the addition of Pulcat and TBPB to resin formulations at 1.5 and 1.0 phr, respectively.




Viscosity at 25 ◦C 14.5 mPa s
Flash point 60 ◦C
Appearance Colourless liguid
TABLE 3.5: Norox TBPB properties
Property Value
Active oxygen 8.16 w%
Specific gravity 1.04
Viscosity at 20 ◦C 8.0 mPa s
Flash point 60 ◦C
Appearance Yellow liguid
Two mould release agents were added to the resin formulation in this research, Mold
Wiz INT-PUL-24 and zinc stearate. Mold Wiz INT-PUL-24 is a process aid additive designed
specifically for the pultrusion process and is a proprietary blend of organic fatty acids, esters
and amine neutralising agents (Table 3.6). The manufacturer recommends the addition of
Mold Wiz INT-PUL-24 at 1 phr.
Zinc stearate was provided by Amtrade New Zealand Ltd. and is a soft, white powder
consisting of a metal soap that is used as a release agent and lubricant in industrial processes.
Zinc stearate has a density of 1.095 g cm−3 and melts at 120-130 ◦C.
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TABLE 3.6: Mold Wiz INT-PUL-24 properties
Property Value
Specific gravity 0.962
Viscosity at 25 ◦C 100−180mPas
Flash point 152 ◦C
Appearance Colourless liguid
3.2 Preparation of uncured matrix resin
Uncured matrix resin was prepared using a standardised base component formulation (Ta-
ble 3.7) with a base resin reference mass of 200 g.
Components were weighed using an AVERY TB-061 600 gram precision scale to within
0.1 g. Fillers were added to the resin formulation when required for experiments. All compo-
nents were added to a mixing vessel and stirred for 5 minutes using an electrically powered
stirrer and left to rest for 15 minutes prior to being added to the resin bath of the pultrusion
machine. The zinc stearate powder and fillers were conditioned at 23 ◦C and 50 % relative
humidity for a minimum of one week prior to use. Remaining components were used in the
as-received condition.
TABLE 3.7: Components used in the neat resin.
Component Weight (phr*) Weight (%)
Plexinate P100 polyurethane resin 100 (base reference) 85.0
Plexinate P200 polyurethane resin 10 8.5
Norox Pulcat AWM catalyst 1.5 1.3
Norox TBPB catalyst 1.0 0.85
Zinc stearate powder (Amtrade
New Zealand Ltd.)
5.0 4.2
Mold Wiz INT-PUL-24 0.5 0.42
* phr = parts per hundred resin
3.3 Production of pultruded composites
Two different pultrusion machines were used in the production of the glass fibre-polyurethane
composites (GFRP). A full scale production machine was used for producing 12.7 mm diam-
eter rods. A small-scale experimental pultrusion machine (GEC-EXP1) was used to produce
3.2 and 5.0 mm diameter rods and 15(w) x 3.5 (t)mm flat bars.
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The die temperature was maintained at 150 ◦C, pull speed at 250 mm min−1 and resin
bath temperature at 25 ◦C for all production runs. Table 3.8 gives the theoretical glass con-
tent of each composite manufactured for the study. The first and final two metres of each
production batch were discarded, with the remaining product being cut to length for testing.
The pultrusion machine was cleaned between production runs to avoid contamination. No
post-curing was performed on the composites.
TABLE 3.8: Glass content of experimental composites.
Profile Number of rovings
Expected fibre volume
(%)
12.7 mm diameter rod, 4400 tex 35 47.8
12.7 mm diameter rod, 9600 tex 16 47.6
3.2 mm diameter rod, 4400 tex 3 64.5
5.0 mm diameter rod, 4400 tex 7 61.7
15(w) x 3.5 (t)mm flat bar, 4400 tex 20 65.9
3.4 Materials characterisation
All specimens were conditioned at the laboratory conditions for a minimum of 48 hours
prior to testing. Tests were performed at a temperature of 23 ◦C and relative humidity of
50%. Displacement, time and load were recorded to a DAT file for later analysis using MI-
CROSOFT EXCEL and MATLAB.
3.4.1 Dynamic mechanical analysis
Dynamic mechanical analysis (DMA) was carried out according to ASTM D7028 [19] using
a TA Instruments Q800 Dynamic Mechanical Analyser. Two specimens from each batch
were cut to a length of 40 mm. Each specimen was tested twice in order to detect changes
in cure behaviour induced by using a different filler. Each test was run from 30 to 200 ◦C
at a ramp rate of 5 ◦C min−1. Testing was conducted in single cantilever mode using a span
of 17.5 mm. The oscillation frequency was 1 Hz and the amplitude of oscillation was 20 µm
with no pre-load on the sample.
Polymer composites are viscoelastic materials. In response to an applied force a vis-
coelastic material exhibits behaviour that is a mixture of a viscous liquid and an elastic solid
16 Chapter 3. Experimental Procedures
- having both a viscous (E”, loss modulus) and elastic (E′, storage modulus) component. The
ratio of the loss modulus to the storage modulus is defined as the loss tangent (Equation 3.1),





The glass transition (Tt) was determined using the maximum in the damping (i.e. peak in
tan(δ)). The onset of the glass transition temperature (DMA Tg) was determined by finding
the intersection of a line tangent to the storage modulus in the initial plateau region and a
line tangent to the storage modulus midway between the upper and lower plateau regions.
3.4.2 Density measurements
Density measurements were performed in accordance with ASTM D792 [20] using a Metler
Toledo XP105 equipped with a density testing kit (Figure A.1). Two replicates from each
batch of composite material were tested. Distilled water at a temperature of 23 ◦C was used
as the immersion fluid. The apparent mass of each sample was measured in air and recorded
to the nearest 1 mg. The sample was then immersed in the vessel and all air bubbles were
removed from the surface of the sample using a wire. The apparent mass of the immersed
sample was then measured and recorded to the nearest 1 mg.
The density of the sample was calculated using Equation 3.2,
ρ = D× a
a− b (3.2)
where ρ is the density of the sample in kg m−3, D is the density of water from Table 3.9, a is
the apparent mass of the sample in air in g and b is the apparent mass of the sample when
immersed in the vessel in g.
TABLE 3.9: Standard water density, from ASTM D792 - 13
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3.4.3 Tensile testing
The pultruded rods were tensile tested in accordance with ASTM D3916. Tensile testing
clamp fixtures were designed in CAD to exceed the requirements set out in ASTM D3916
for the 3.2 and 12.7 mm diameter rods (Figure A.2). The clamps were fabricated from mild
steel and aluminium alloy (6061) for the 3.2 and 12.7 mm diameter rods, respectively (Figure
A.3). Aluminium alloy was found to be not durable enough for the quantity of tests which
were to be performed as part of this experiment.
The clamps were designed so as to exceed the minimum required clamping length by
fully utilising the clamping area the MTS 810’s hydraulic clamps. The compressive stress
imparted on the rod during clamping was minimised using the above approach, allowing
for accurate and consistent measurements of tensile strength for each rod type.
An MTS 810 load frame equipped with a 100 kN load cell was used for tensile tests on the
3.2 mm diameter rods and a Satec heavy duty tensile-compression testing rig with a 1 MN
load cell was used for tensile tests on the 12.7 mm diameter rods.
Specimen lengths for the 3.2 and 12.7 mm diameter rods were 500 and 950 mm, respec-
tively. Large specimen lengths were required, to ensure a relatively constant stress through-
out the gauge length and minimise the effects of potential concentric and angular misalign-
ment of the specimen. Concentric and angular misalignment was minimised by using align-
ment jigs when installing the clamp fixtures on the MTS 810 and Satec machines.
Five specimens were selected at random from each batch of composite and their average
diameter was determined using a set of digital callipers based on 5 measurements. Rods
were set up for testing using a clamping pressure of 10 MPa.
The cross-head displacement rate was set to a constant 5.0 mm min−1 until failure oc-
curred. The failure mode, location and duration was recorded. The test result was discarded
if a specimen failed within the clamps or at a flaw.





where σt is the tensile strength in MPa, P is the load in kN and D is the diameter of the rod
in mm.
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3.4.4 3-Point flexural testing
Rectangular specimens with nominal dimensions of 15(w) x 3.5 (t)mm and an edge fillet
radius of 0.2 mm were produced for each type of filler and content using a die with rectan-
gular profile. 3-point flexural testing was carried out in accordance with ASTM D790 using
an MTS 810 load frame equipped with a 100 kN load cell (Figure 3.1). The span to thickness
ratio was 16:1 and the support and loading nose diameter was 10 mm.
FIGURE 3.1: 3-point flexural test performed to ASTM D790 on a 15 x 3.5 mm
rectangular pultruded bar.
Five samples were selected at random from each batch and their dimensions were mea-
sured at five points along their length. The cross-head displacement rate (1.49 mm min−1)





where R is the displacement rate in mm min−1, Z is the strain rate of the outer fibre in
mm mm−1 min−1 (0.01) and d is the depth of the section in mm. The failure load was defined
as the peak load obtained during the test.
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where σ f is the flexural strength in MPa, P is the load in N, L is the span in mm, b is the
width of the section in mm and d is the depth of the section in mm.





where ε f is the flexural strain in mm mm−1, D is the maximum deflection in mm, L is
the span in mm and d is the depth of the section in mm.
The flexural chord modulus was calculated using Equation 3.7,
E f =
σf 2 − σf 1
ε f 2 − ε f 1
(3.7)
where E f is the flexural chord modulus in MPa, σf 2 and σf 1 are the stresses at predefined
points and ε f 2 and ε f 1 are the strains at the predefined points. Due to the linear response of
the materials, σf 1 and ε f 1 were taken to be zero while σf 2 and ε f 2 were taken to be the failure
stress and failure strain, respectively.
3.4.5 Short beam testing
Rectangular specimens with nominal dimensions of 15(w) x 3.5 (t)mm and an edge fillet
radius of 0.2 mm were produced for each type of filler and content. Short beam testing
was carried out in accordance with ASTM D2344 [21] to determine the short beam strength.
Special short beam loading fixtures were designed with CAD and fabricated from 4340 steel
(60 HRC) to meet the requirements of ASTM D2344(Figure A.4).
Ten samples were selected at random from each batch and dimensions were measured
at five points to obtain average dimensions.
Figure 3.2 shows a short beam loading test with a larger (13 mm) diameter loading nose
compared to the ASTM standard. The larger loading nose was used to minimise localised
compressive failure as was reported by Boukhili et al. [12]. The cross-head displacement rate
was 1.0 mm min−1. Constant displacement rate loading was performed on the samples, with
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FIGURE 3.2: Short beam loading test with larger diameter loading nose to
reduce likelihood of localised compressive failure.
an initial displacement of 0.25 mm above the sample and a final displacement of 1.00 mm as
all specimens failed between 0.5 and 1.0 mm displacement. The failure load for each sample
was defined as the peak load obtained during the test.




where S is the short beam strength in MPa, P is the load in kN, b is the width of the section
in mm and h is the thickness of the section in mm.
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Chapter 4
Development of a lab-scale pultrusion
machine
4.1 Introduction
Fluctuations in the ambient temperature affects the performance of the pultrusion process
[7]. Industrial settings often do not incorporate precise climate control systems for pultru-
sion. The daily range in temperature in Christchurch is approximately 10 ◦C, with a seasonal
variation of approximately 12 ◦C (Table 4.1) [22]. A temperature increase of 10 ◦C results
in a decrease of resin viscosity of up to 400 mPa s, significantly affecting fibre wet-out in
pultruded composites [7]. Resin bath temperature control was developed as a part of this
research in order to maintain a suitable constant resin viscosity to account for daily and sea-
sonal variations in temperature. An experimental scale pultrusion machine (GEC-EXP1),
was developed in conjunction with the resin bath temperature control system.
TABLE 4.1: Climate data for Christchurch, New Zealand
Month Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec
Average high ◦C 22.4 21.9 20.0 17.3 14.2 11.4 10.7 12.2 14.6 16.9 19.0 20.9
Daily mean ◦C 17.1 16.8 15.0 12.1 9.0 6.2 5.7 7.1 9.3 11.5 13.6 15.7
Average low ◦C 11.8 11.6 9.9 6.8 3.8 1.1 0.7 2.0 4.0 6.1 8.1 10.6
The GEC-EXP1 pultrusion machine is a small scale, instrumented experimental pultru-
sion machine specifically designed for rapid experimentation with varying resin systems
with small cross-section profiles. Pultrusion rates of up to 600 mm min−1 were possible,
while die lengths of up to 600 mm are accommodated with a maximum heater power of
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2000 W being provided to a single zone heater array. Profiles with cross-sectional areas of
up to 50 mm2 were pultruded with the machine. The resin temperature is controlled through
a double walled resin bath with a heat transfer fluid composed of automotive coolant and
a 2000 W heating element with forced circulation. Figure 4.1 shows a CAD rendering of the
double walled resin bath.
FIGURE 4.1: CAD rendering of the double walled resin bath.
The GEC-EXP1 pultrusion machine is fully programmable, using an ATmega328 micro
controller. The ATmega328 controller board has four noise reduced 5 V analogue inputs and
one noise reduced amplified analogue input. In terms of outputs, the controller board op-
erates three solid state relay AC switches and two (diode protected) MOSFET DC switches,
giving a total of 5 outputs (Figure 4.2). The GEC-EXP1 pultrusion machine is pictured dur-
ing early trials, producing 3.2 mm diameter rods in Figure 4.3.
The controller board for the GEC-EXP1 is designed in such a way that it can be used in
conjunction with a large scale production pultrusion machine. The controller board is only
used for resin bath temperature control and die temperature monitoring duties when used
with a large scale machine.
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FIGURE 4.2: Control board for the GEC-EXP1 pultrusion machine. A: Micro-
controller, B: Analogue inputs, C: Amplified analogue input, D: High current
digital outputs, E: Voltage regulators, F: MOSFETs for switching high current
outputs, G: Operational amplifier, H: Noise reduction capacitors
4.2 Systems
4.2.1 Instrumentation
Instrumentation on the GEC-EXP1 machine is provided by temperature sensors located
within the die, resin bath and heat transfer fluid. The temperature sensors are connected
to an ATmega328 micro controller using capacitive noise-reduced input channels. The AT-
mega328 micro controller has 10-bit analogue-to-digital (ADC) conversion, giving a tem-
perature resolution of 0.5 ◦C for the temperature probes located within the resin bath and
heater fluid (LM35 precision centigrade temperature sensor). The temperature of the die is
measured using a K-type thermocouple.
The signal from the thermocouple is amplified using a noise-reduced op-amp circuit
and cold junction compensation is provided by a reference LM35 temperature sensor. The
temperature resolution of the die is 1.0 ◦C.
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FIGURE 4.3: GEC-EXP1 pultrusion machine. A: Pulling mechanism, B:
Heated Die, C: Heated resin bath, D: Controller, E: Roving supply
Software was written using GNU OCTAVE to monitor and log temperature and state
data through serial communication with the GEC-EXP1 controller. Data is stored in a CSV
text file and can be analysed in MICROSOFT EXCEL and MATLAB to allow for determination
of optimal control parameters for various resin bath configurations.
Figure 4.4 shows the data logging software operating on a laptop at the factory. The data
logging software produces a real time display of heater temperature, resin bath temperature,
heater power and die temperature.
4.2.2 Temperature control
A low pressure inductive pump from automotive applications is used to pump the heat
transfer fluid (distilled water mixed with 50 vol% ethylene glycol automotive coolant). The
coolant is primarily used for its corrosion inhibiting properties. The heater consists of a
cylindrical tank with a 2.0 kW resistive electrical heating element. There are guide plates
4.2. Systems 25
FIGURE 4.4: Data logging software for the GEC-EXP1 pultrusion machine,
operating in GNU OCTAVE. Datalogging software plots heater temperature
(a), resin bath temperature (b), heater power (c) and die temperature (d) in
real time.
within the tank to encourage circulation of the fluid and minimise stagnation around the
heating element.
4.2.3 Traction system
Tractive effort is provided by a 12 V DC worm drive motor. The motor is coupled to a shaft
with a rubber roller. There is a second rubber roller on an idler shaft below the driven roller.
Motor speed is controlled using (pulse width modulation) PWM - high (31 250 Hz) and low
frequency (1 Hz). The motor operates in open loop speed control and as such the speed must
be manually adjusted for each profile and resin formulation.
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4.3 Simulation
A numerical model was developed using GNU OCTAVE to simulate the thermal perfor-
mance of the resin temperature control system. The purpose of this model is two-fold: (i)
aid the development of a robust control algorithm and (ii) development of the live data plot-
ting application. Figure 4.5 shows a series of plots generated by the simulation of the RTCS
control system, while Figure 4.6 shows the experimental validation of the simulated RTCS
control system. The system deviated from theoretical predictions beyond the first transient
period. The issue is not significant, since pultrusion machines are constantly consuming
resin and thus the quantity of resin within the bath is in a state of flux, which is not ac-
counted for within the model. For machine utilisation optimisation, anything beyond the
first transient is not of concern as the main benefit of the RTCS is to allow for fast initial
starting of the machine followed by generally constant operating conditions. Whether the
RTCS begins its second heating cycle at 25 minutes or 28 minutes is of little concern to the
behaviour of the pultrusion machine, as long as the temperature of the resin bath remains
within tolerance.
FIGURE 4.5: Simulation of the resin temperature control system performance.
The simulation was used to tune control parameters of the system.
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FIGURE 4.6: Experimental validation of simulated resin temperature control
system performance.
4.4 Summary
A fully instrumented lab-scale pultrusion machine with closed loop resin temperature con-
trol was developed. The resin temperature control system allows for consistent performance
of the pultrusion process and can be used to produce composites with minimal batch-to-
batch variation caused by environmental effects, allowing for accurate determination of the
effects that processing conditions and resin formulation have on pultruded composites. The
remainder of the thesis covers the material characterisation of the composites produced with




Characterisation of the particle size
distribution of fillers
5.1 Introduction
The particle size distribution of various filler products was measured prior to experimen-
tation on the mechanical properties of pultruded composites. The correlation between the
filler particle sizes, processing robustness and mechanical properties of the final composites
was then able to be analysed in later chapters.
5.2 Experimental methods
5.2.1 Materials
Three different talc filler products were analysed: Rebain DC325T-FIR, Liaoning DC325 and
Liaoning DC325-995. Four different filler products of the Omyacal trade name which were
used in the subsequent experiments were also analysed: Omyacal 1T, Omyacal 2, Omyacal
5, and Omyacal 10.
Rebain DC325T-FIR is described as a medium purity magnesium silicate with up to 50%
impurities with a minimum of 98% of particles passing through a 325 mesh screen. Liaoning
DC325 and DC325-995 are described as a fine white high quality natural magnesium silicate
(Table 5.1) with a minimum of 98 and 99.5% of particles passing through a 325 mesh screen,
respectively..
Omyacal 1T is described by the manufacturer as a high grade natural limestone, milled
for fineness and surface treated to make it oleophilic and hydrophobic for ease of dispersion.
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The remaining Omyacal products are described as high grade natural limestone, milled for
fineness. Omyacal products primarily consist of calcium carbonate with small quantities of
other minerals (Table 5.2).





HCl insoluble content 1.1
5.2.2 Particle size measurement
A micrometrics Saturn DigiSizer II High-Definition Particle Size Analyser was used to deter-
mine the particle size distributions of the fillers. The Saturn Digisizer II uses light scattering
analysis to measure the particle size distributions of powdered samples with particle sizes
ranging from 40 nm to 2.5 mm as an equivalent spherical diameter. All samples used for the
measurement of the particle size distribution were taken in a representative manner from
freshly opened 25 kg sacks. The contents of the bags were mixed thoroughly and a sample
of approximately 100 mL of each filler type was taken to be analysed.
All samples used for particle size distribution analysis were taken in a representative
manner from freshly opened 25 kg sacks. The contents of the bags were mixed thoroughly
and a sample of approximately 100 mL of each filler type was taken to be analysed. Thus, the
results of these tests are expected to be substantially fair and representative of the product.
5.3 Results and discussion
Table 5.3 gives the mean, median and advertised median particle diameters for each filler
type.
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TABLE 5.3: Average particle diameters of filler products.
Product Mean (µm) Median (µm) Advertised median (µm)
Omyacal 1T 117 105 1.7
Omyacal 2 10.8 3.28 2.5
Omyacal 5 10.1 4.88 5.0
Omyacal 10 12.1 7.62 9.0
Rebain DC325T-FIR 18.7 15.2 N/A*
Liaoning DC325 18.4 12.8 N/A
Liaoning DC325-99.5 17.3 12 N/A
*N/A = not available
The particle size distribution of Omyacal 1T (median = 105 µm) was unexpected as the
nominal median particle size was specified as 1.7 µm (Figure 5.1). The source of the above
discrepancy is likely due to the partial agglomeration of individual micron-scale particles,
leading to measured particle diameters on the order of hundreds of microns, evidenced by
the presence of significant quantities of sub-0.1 µm particles not observed in the remaining
products. The large median particle diameter for the Omyacal 1T filler was also observed in
practice as a variance in texture when sifting through a quantity of the filler by hand. The
mixing of Omyacal 1T with the resin was more difficult compared to that of other fillers as
the particles tended to agglomerate.
FIGURE 5.1: Particle size distribution of Omyacal 1T.
The implication of the results for particle size distribution analysis for Omyacal 1T in-
dicate that significant stress concentrations are likely to be introduced to the microstructure
of a pultruded composite manufactured using Omyacal 1T as a filler. Stress concentrations
occur as a result of fibre crimping where large agglomerates of particles are forced to be
packed into the spaces between fibres. The mean diameter of each glass fibre is approxi-
mately 23 µm for the Jushi direct rovings which were used for these experiments. Thus, if
assuming an ideal fibre packing arrangement the maximum particle size is 3.6 µm. Thus,
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the volume percentage of unidirectional glass reinforcement within a pultruded compos-
ite is expected to decrease in order to accommodate the observed median particle size of
105 µm, that also results in increased pulling force. The above effects on glass packing and
pulling force were observed during the production of pultruded composites. However the
agglomerations of Omyacal 1T particles appeared to break down at high filler contents, re-
sulting in only moderate increases in the pulling forces and cross-sectional dimensions.
Particle size distributions for the other Omyacal filler types were as expected (Figure 5.2,
Figure 5.3, Figure 5.4), with median particle diameters being within 2-3 µm of the specified
particle diameters. Omyacal 10 was predicted to suffer from fibre crimping and lower fibre
volume fraction due to having a median particle size of 7.62 µm. Consequently, a significant
increase in pulling force (increased by a factor of 10) was measured during pultrusion with
a high filler (Omyacal 10) content, accompanied by a significant increase in sample cross-
sectional area (increased by 1.8%).
FIGURE 5.2: Particle size distribution of Omyacal 2.
FIGURE 5.3: Particle size distribution of Omyacal 5.
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FIGURE 5.4: Particle size distribution of Omyacal 10.
The similarities in peak shapes and locations for incremental volume percentage vs. par-
ticle diameter between Omyacal 10 and Omyacal 5 indicate that Omyacal 5 may actually be
a blend of Omyacal 10 and another product, such as Omyacal 2. Thus, similar crimping is-
sues as experienced with Omyacal 10 at high filler content could be expected using Omyacal
5 as a filler.
All three of talc fillers were observed to have similar median particle diameters, with
Rebain DC325T-FIR exhibiting the largest median diameter of 15.2 µm (Figure 5.5, Figure
5.6, Figure 5.7). The large particle diameters suggests significant issues with fibre crimping
at high filler content.
FIGURE 5.5: Particle size distribution of Rebain DC325T-FIR talc.
FIGURE 5.6: Particle size distribution of Liaoning DC325 talc.
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FIGURE 5.7: Particle size distribution of Liaoning DC325-99.5 talc.
The mode particle diameter for Rebain DC325T-FIR was 25.1 µm, which is on the same
order of magnitude as the diameter of the glass fibres and significantly larger than the mode
particle diameters of both Liaoning DC325 (10.6 µm) and Liaoning DC325-99.5 (11.2 µm)
fillers. The large mode particle diameter also suggests that Rebain DC325T-FIR may suffer
from increased fibre crimping compared to that of the Liaoning products.
The incremental volume percentage vs. particle diameter graphs for both of the Liaon-
ing products indicates that both products were from a similar batch of raw materials, with
the Liaoning DC325-99.5 product exhibiting slightly less variation in particle diameter com-
pared to the Liaoning DC325 product. The results were expected as the Liaoning DC325-99.5
product is a slightly more refined version of Liaoning DC325 - with a rating of 99.5% of the
particles being able to pass through 325-mesh screening. The implication of the results is
that the final properties of a pultruded composite manufactured using Liaoning DC325-99.5
filler should exhibit less variation than if manufactured using Liaoning DC325 filler.
5.4 Summary
The particle size distributions of filler products were measured, the talc fillers were found to
have higher median particle diameters than the calcium carbonate fillers. However, Omya-
cal 1T exhibited agglomeration and had a median particle diameter of 105 µm. The median
particle diameter is predicted to have an effect on the mechanical properties of pultruded
composites, with larger particles being expected to reduce the tensile strength through the
effects of fibre crimping.
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Effect of fillers on the tensile
properties of pultruded composites
6.1 Introduction
The tensile properties of composite materials provide important information regarding their
performance as a function of formulation and processing parameters. Unidirectional glass
fibre reinforced pultruded composites exhibit linear elastic behaviour followed by brittle
failure with no yield point [5]. Tensile tests do not impart significant secondary loading con-
ditions such as shear, flexural or compressive loading on the specimens, giving relatively ac-
curate representations of product properties that may be used for design purposes. Jilken et
al. observed decreasing tensile strength with increasing mineral filler content in polypropy-
lene composites [23]. Zaini et al. reported declining tensile properties with increasing filler
content and improved tensile strengths with large filler particles in polypropylene/oil palm
wood flour composites[24]. No studies have been reported regarding the effects of fillers on
the tensile properties of pultruded composites.
6.2 Experimental methods
Both ASTM D3916 and D7205 are suitable methods for obtaining the tensile properties of
pultruded composites. ASTM D3916 utilises clamps to grip the test specimens while ASTM
D7205 specifies cast in place anchors. Cast in place anchors provide the benefit of not impart-
ing compressive loading on the surface of the specimens, but they are expensive and time
consuming to produce, making them unattractive for a full factorial experiment. Clamps as
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specified by ASTM D3916 have the benefit of being reusable an indefinite number of times,
reducing the cost of experimentation. However, the clamps produce a compressive load on
the specimens that may induce local damage in the form of splitting resulting in inaccu-
rate tensile strength values [25]. All tensile tests were performed in accordance with ASTM
D3916, due to the large number of tests to be performed for this study.
An experiment was performed to determine the baseline tensile strength of products
based on the resin formulation in Table 6.1 and to compare these results with competitive
filler products (talc powders) and alternative filler products (calcium carbonate powders).
Three talc powder fillers were used, Rebain DC325T-FIR, Liaoning DC325 and Liaoning
DC325-99.5. Omyacal 10 was used as the alternative product in this experiment as the par-
ticle sizes of Omyacal 10 are comparable to those in the three talc powder fillers (Table 5.3).
TABLE 6.1: Baseline resin formulation.
Material Weight (phr) Weight (percent)
Plexinate P100 polyurethane resin 100 (base reference) 69.9 %
Plexinate P200 polyurethane resin 10 7.0 %
Norox Pulcat AWM catalyst 1.5 1.1 %
Norox TBPB catalyst 1.0 0.70 %
Zinc stearate powder (Amtrade
New Zealand Ltd)
5.0 3.5 %
Mold Wiz INT-PUL-24 0.5 0.35 %
Rebain DC325T-FIR 25.0 17.5 %
Unpigmented 12.7 mm diameter pultruded rods were produced using Rebain DC325T-
FIR filler at a content of 25 phr, in batches using 4400 tex rovings and 9600 tex rovings. These
rods were then tested according to ASTM D3916 [26] to determine their tensile strength. Due
to the higher resource and time requirements associated with testing larger diameter rods,
further testing was carried out on smaller diameter rods (3.2 mm.
Unpigmented 3.2 mm diameter pultruded rods were produced for each type of filler
and content. The rods were tested according to ASTM D3916 [26] to determine their tensile
strength. Dynamic mechanical analysis (DMA) was also performed on one sample from
each batch to observe the curing behaviour of each product.
Figure 6.1 shows a 12.7 mm diameter rod after being tensile tested according to ASTM
D3916. The sample exhibited a complete non-localised failure across the entire testing span.
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Such a failure indicates that the sample failure did not initiate within the clamps or at some
fortuitous flaw within the testing span and as such the failure is considered to be purely
tensile.
FIGURE 6.1: Photograph of typical tensile fracture of a 12.7 mm diameter rod.
6.3 Results and discussion
6.3.1 Effect of filler type on tensile properties of pultruded composites
The tensile strength of the 12.7 mm diameter rods was found to be approximately 500±30MPa
for products produced using 4400 tex rovings and 460±25MPa for products produced us-
ing 9600 tex rovings (Figure 6.2). This represents a reduction in strength of between 8% and
10%. Other research indicates that for glass fibres of differing diameters there is no measured
difference in tensile strength if the glass fibre production parameters are kept constant [27].
However, it is generally not possible to maintain the processing parameters in industrial set-
tings between different types of glass rovings. Thus, differences in strength between glass
rovings of differing fibre diameters is expected. Ramsteiner et al. reported similar decreases
in strength with an increase in glass fibre diameter [28]. In contrast to work by Irfan et al.,
increased pulling speed was found to decrease the tensile strength of the 12.7 mm diameter
rods [3]. The resin component of the composite may not have achieved a full cure at higher
pulling speeds, thus all further experiments were performed at a pulling speed of 250 mm
to ensure full curing.
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FIGURE 6.2: Tensile strength as a function of pultruion speed and roving tex
12.7 mm diameter rods with 25 phr of Rebain DC325T-FIR. Error bars repre-
sent 95% confidence interval.
The tensile strength of the 3.2 mm diameter rods filled with talc powder was low (≈
800±60MPa), given that the tensile strength of Jushi E-Glass is given as 2513 MPa [29]. The
theoretical maximum tensile strength is 1630 MPa given a fibre fraction of 65 vol%. In com-
parison, the tensile strength of the rods filled with Omyacal 10 was 1085±18MPa (Figure
6.3), which is closer to the expected theoretical value. The theoretical values of strength are
not achieved due to the detrimental effects of the fillers (Chapter 5) and damage associated
with clamping the specimen during testing.
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FIGURE 6.3: Tensile strength as a function of the filler type. Filler content is 25
phr. Error bars represent 95% confidence interval.
The tensile strength corresponded well with the median particle diameter for each filler.
For example, Omyacal 10 has the smallest median particle diameter of the four fillers and
exhibited the highest tensile strength, while Rebain DC325T-FIR with the largest median
diameter, exhibited the lowest tensile strength. Both of the Liaoning fillers have similar a
median diameter and tensile strength (842±18MPa for Liaoning DC325 and 863±23MPa
for Liaoning DC325-99.5). An overlap of the 95% confidence intervals indicates that there is
no significant difference in tensile strength between the materials. The higher grade product
(Liaoning DC325-99.5) provides little benefit in terms of tensile strength.
Based on the above observations, it could be proposed that the tensile strength of a pul-
truded rod is inversely proportional to the median particle diameter of the filler for a given
glass fibre fraction.
The level of contaminants and batch-to-batch variations may also contribute to varia-
tions in the tensile strength of composites containing Rebain DC325T-FIR. Rebain DC325T-
FIR may be composed of up to 50% contaminants as the filler is mined from the edges of the
mine site. Contaminants may include thermally unstable compounds, hygroscopic com-
pounds and minerals that may damage the glass fibres under tensile loading conditions.
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6.3.2 Effect of filler type on thermomechanical and curing behaviour
Dynamic mechanical analysis (DMA) provides an insight to differences in the thermal and
curing behaviour of composites.
The extent of cross-linking in the resin may be studied by monitoring changes in the
glass transition temperature (Tg). The DMA tests were initially run up to a temperature of
200 ◦C. The resin may undergo some post-curing during this initial run. The glass transition
temperature of the thermoset matrix will increase with increasing degree of cure (Figure 6.4).
The glass transition temperature is also affected by the presence of plasticisers or thermal
decomposition of the resin matrix.
FIGURE 6.4: The storage modulus (E’) and tan(δ) of a 3.2 mm diameter rod as
a function of temperature (Liaoning DC325 filler).
It was observed that for all composites tested the Tg increased when the specimen was
retested in DMA, indicating an increase in the degree of cure between the initial run and the
second run (Figure 6.5). The DMA results show that complete curing of the polyurethane
did not occur during the pultrusion process. The pultruded composites filled with Rebain
DC325T-FIR exhibited the smallest change in Tg (∆Tg ≈ 3 ◦C), indicating a high degree of
cure during pultrusion.
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FIGURE 6.5: Changes in the glass transition temperature as a function of filler
type.
The products manufactured with the Liaoning talc fillers exhibited different curing be-
haviour. The composites attained a similar final Tg upon retesting, with the composite filled
with Liaoning DC325 having a glass transition temperature of 158 ◦C and the composite
filled with Liaoning DC325-99.5 having a glass transition temperature of 159 ◦C. However,
the initial test results indicated a difference in the degree of cure in the as-pultruded state.
The Liaoning DC325 filled composite had an initial glass transition temperature of 144 ◦C,
while that of the Liaoning DC325-99.5 filled composite was 149 ◦C. The above results indi-
cate that the higher grade of filler results in a higher degree of cure during pultrusion. A
higher Tg generally results in higher and more stable mechanical and thermal properties.
Composites that are partially cured may be expected to change in properties due to curing
post-manufacturing.
Composites filled with Omyacal 10 exhibited the lowest degree of cure based on an ini-
tial Tg of 141 ◦C. Retesting resulted in a Tg of 151 ◦C, which was comparable with the Rebain
DC325T-FIR filled composite. A low initial Tg is indicative of a lower degree of curing dur-
ing manufacturing. The Omyacal 10 filler is of high purity and thermal stability (up to
800 ◦C). Therefore, the effects of Omyacal 10 on the curing behaviour is likely to be domi-
nated by the morphology of the filler.
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All samples exhibited an increase in the onset of the Tg upon retesting in the DMA (Fig-
ure 6.6). The above results indicate that talc fillers generally provide enhanced curing during
pultrusion, although the tensile properties are significantly impaired compared with CaCO3
fillers. The calcium carbonate fillers appear to inhibit the degree of curing but result in an
increase in tensile strength of ≈ 50% when compared to that of Rebain DC325T-FIR. There-
fore, further experiments were carried out to compare the tensile and flexural properties of
calcium carbonate filled composites as a function of filler content and particle size.
FIGURE 6.6: Glass transition onset temperature test results for products man-
ufactured using competitive fillers
6.3.3 Effect of filler content and particle size on the tensile properties of CaCO3
filled pultruded composites
A full factorial experiment was performed to determine the relationship between median
filler particle size, filler content and tensile strength of pultruded composites containing
calcium carbonate fillers. Batches of 3.2 mm diameter rods were manufactured using the
GEC-EXP1 pultrusion machine. Three rovings of 4400 tex Jushi E-glass were used, giving a
nominal glass content of 64.5 vol%.
Tensile failure was not localised within gauge length of the specimen (3.2 mm diameter
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rod). The fracture behaviour suggests that the majority of the glass fibres failed simultane-
ously and that localised stress concentrations do not cause failure (Figure 6.7).
FIGURE 6.7: Photograph of tensile fracture of a 3.2 mm diameter rod (30 phr
Omyacal 10).
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The tensile strength of pultruded composites is not directly correlated to the type of
filler per se, as hypothesised in Section 6.3.1. The tensile properties appear to be strongly
influenced by the median particle diameter of the fillers, where an inverse linear relationship
can be observed (Figure 6.8). A regression coefficient of R2 = 0.9873, combined with non-
biased scatter of data points indicates that a linear model provides a suitable fit to the data
(Figure 6.8) in agreement with work on the effects of a spherical glass bead filler on the
tensile strength of a cast thermosetting polyurethane resin (without fibre reinforcement) by
Landon et al. [9].
FIGURE 6.8: The tensile strength of 3.2 mm diameter rods as a function of the
median particle diameter at a content of 25 phr, both talc and CaCO3 fillers
are represented. Error bars represent 95% confidence interval for strength.
The observed linear decrease in tensile strength as a function of median particle diam-
eter is explained in terms of micro-crimping that occurs within the microstructure of the
composite when the dimensions of the filler particles exceed the allowable spacing between
the glass fibres (Figure 6.9). Equation 6.1 gives the shear stress within a glass fibre which is
not oriented in a direction parallel to the loading of a composite,
τglass = σxcos(φ)sin(φ) (6.1)
where σx is the applied normal stress in the nominal axial direction of the part, and φ
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is the angle of deviation for the fibre from the axial direction of the part. The angle φ is
determined by the filler particle diameter and filler content. A larger filler particle will tend
to increase the fibre spacing, while an increase in filler particles will tend to increase the
number of micro-crimps throughout the composite.
FIGURE 6.9: Schematic of micro-crimping behaviour in filled fibre reinforced
composites.
Jushi gives the shear strength of individual glass fibres as 67 MPa which is approximately
3% of the tensile strength of the fibres. Therefore, it is expected that shear failure will occur
for a fibre with a deviation of just four degrees from the nominal axial direction and a normal
stress of 1000 MPa on the part. When fillers consisting of large particles are used, there is
the potential for substantial micro-crimping throughout the part as the glass fibres must
necessarily undergo localised displacement to accommodate the filler particles when the
glass fraction is high.
A general downwards trend in tensile strength is observed for higher filler content across
all filler types (Figure 6.10). However, the decrease in tensile strength is greatest with fillers
having the largest median particle diameter. The samples produced with Omyacal 10, Omy-
acal 5 and Omyacal 2 experienced a reduction in tensile strength of approximately 190 MPa
(15%), 170 MPa (12%) and 69 MPa (5.5%) respectively between a filler content of 5 and 30
phr. The samples produced with Omyacal 1T actually exhibited a net increase in tensile
strength of 45 MPa between a filler content of 5 and 30 phr.
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FIGURE 6.10: Tensile strength of 3.2 mm diameter rods using various Omyacal
fillers between 5 phr and 30 phr content. Error bars represent 95% confidence
interval for strength.
The tensile behaviour of Omyacal 1T filled composites is attributable to the filler particle
size distribution and surface treatment of the particles. Omyacal 1T is difficult to mix into the
Plexinate P100 resin due to the surface treatment of the particles, resulting in agglomeration
of particles into relatively large but unstable clusters. As a result, the tensile data of the
Omyacal 1T filled composites exhibits no distinct trend as a function of filler content.
At high filler content, the Omyacal 1T particles behave more like particles with a small
median diameter (improved fibre packing is observed and strengths tend to be higher than
with Omyacal 5 and Omyacal 10). The Omyacal 1T particles behave as large particles at low
filler content, causing packing issues and reduced tensile strength.
The composites produced with Omyacal 2 generally provided the greatest tensile strength
across the entire filler content range. As discussed in Section 5.2.2, the largest particle diam-
eter that can be accommodated between the fibres for a hexagonal close packed glass struc-
ture with a fibre diameter of 23 µm is 3.6 µm. Although Omyacal 2 does contain particles
with a larger diameter than this upper limit, the fibre fraction (65 vol%) of the composites
results in only limited regions of hexagonal close packing. A fully hexagonal close packed
microstructure requires a fibre fraction of approximately 90 vol%.
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In reality, the microstructure is a mixture of hexagonal packing, square packing and ran-
dom packing. The composite microstructure accommodates moderate quantities of large
filler particles with a glass content of approximately 65 vol%. Hence, it is reasonable to
expect the tensile strength is retained up to a filler content of 20 phr of Omyacal 2.
6.4 Summary
An inverse linear relationship was found between filler particle size and the tensile strength
of pultruded composites, with the tensile strength decreasing from 1220 to 750 MPa between
filler particle diameters of 3 and 15 µm at a content of 25 phr. Increased filler content results
in a slight decrease in the strength of pultruded composites. The type of filler (talc or calcium
carbonate) does not appear to affect the tensile strength of pultruded composites. It should
be noted that small particle talc fillers were not studied in this research.
The tensile strength of a pultruded composite provides information regarding the inter-
action of particulate fillers and glass fibres but does not provide useful information regard-
ing the performance of the matrix phase of the composite. Flexural tests may be used to
characterise the effects of fillers on the matrix of a composite as flexural properties are more




Effect of additives on the flexural
properties of pultruded composites
7.1 Introduction
The design of structures using pultruded composites is often governed by service deflection
limits that demand details of the flexural behaviour of the profiles. Flexural tests are faster
and less complex to perform than tensile tests due to ease of alignment and specimen prepa-
ration, making them ideal for quality control purposes. Fillers have been shown to improve
the flexural strength of pultruded composites when added at between 0 and 40 phr by Chen
et al. [10]. However, Boukhili et al. found filler content had no effect on the flexural strength
of pultruded composites [12] when added at between 0 and 40 phr.
7.2 Experimental methods
Flexural tests may be performed in either 3 point or 4 point loading, where 3 point loading
consists of two supports and a single loading nose positioned midspan while four point
loading consists of two supports and two loading noses positioned symmetrically about the
midspan point. Thus, flexural testing imposes a combination of tensile, compressive and
shear stresses on the specimen. For a unidirectional pultruded composite, properties can
be assumed to be uniform throughout the thickness of the composite, resulting in a normal
stress that varies linearly through the thickness. Maximum compressive stress occurs on
the concave face at the loading nose while maximum tensile stress occurs on the convex
face directly opposing the loading nose. With 3 point loading there are interlaminar shear
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stresses throughout the entire span while with four point bending there are no interlaminar
shear stresses present between the two loading noses such that only pure bending occurs in
the central span. ASTM D790 provides standard test methods for determining the flexural
properties of pultruded composites and specifies 3 point loading conditions. ASTM D790 is
a commonly used standard in the pultrusion literature [30, 31, 32]
Energy dispersive X-ray spectroscopy (EDS) was used to detect zinc at the fracture sur-
face of composites which exhibited unstable interlaminar shear failure during flexural tests.
EDS is an analytical technique used for elemental analysis of a sample. The EDS technique
detects X-rays emitted from the sample when it is bombarded by an electron beam. Each
element produces a specific X-ray energy spectrum and thus elements may be differentiated
through detection of characteristic energy peaks. Samples were prepared for EDS by coating
the fracture surfaces with a thin layer carbon.
7.3 Results and discussion
The addition of fillers to pultruded composites influenced the flexural behaviour in a similar
manner to the tensile properties. The flexural strength of filler-free composites was found
to be 1320±22MPa. All fillers have a similar effect on flexural strength of the pultruded
composites. In general, the flexural strength was observed to decrease from approximately
1400 to 1275 MPa with filler contents of 5 and 30 phr, respectively (Figure 7.1). Similarly, the
flexural strength is increased at low filler content, indicating that voids are reduced in the
composites compared to that of unfilled composites. These results are in line with previous
observations of polyester pultruded composites [12].
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FIGURE 7.1: The flexural strength of 15 x 3.5 mm flat bars using various Omy-
acal fillers between 5 phr and 30 phr content. Error bars represent 95% confi-
dence interval on mean strength.
The flexural modulus of the pultruded composites is largely unaffected by the addition
of fillers (Figure 7.2). A slight decrease in flexural modulus was observed at a filler content
of 30 phr, but these effects are probably due to the reduction in effective glass content in
the profile as the cross-sectional areas increased slightly with added filler (Figure 7.3). The
observed flexural moduli were within 1 to 5% of predicted values using the fibre and resin
properties and a simple rule of mixtures. Previous research indicated a slight increase in
flexural modulus with an increase in filler content [11], although this was not observed.
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FIGURE 7.2: The flexural modulus of 15 x 3.5 mm flat bars using various Omy-
acal fillers between 5 phr and 30 phr content.
FIGURE 7.3: Cross-section area increase compared to an unfilled composite as
a function of filler content (Omyacal 10).
Zinc stearate and P200 resin were both found to decrease the flexural strength of pul-
truded composites significantly. The addition of zinc stearate to the resin mixture decreased
the flexural strength by 150 MPa. The addition of P200 to the resin mixture decreased the
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flexural strength by 50 MPa. The addition of both zinc stearate and P200 to the resin mix-
ture decreased the flexural strength by 200 MPa (Figure 7.4). The reason for the decrease
in observed flexural strength due to the addition of zinc stearate appears to be due to zinc
stearate not migrating to the outer surface of pultruded composites and instead residing at
the interface between the matrix and fibres, resulting in decreased matrix-fibre adhesion.
The reason that zinc stearate does not migrate to the surface of the composite is likely due
to the fact that the melting temperature of zinc stearate (120 - 130 ◦C) is higher than the resin
gelation temperature (≈ 90 ◦C) within the die, leading to the retention of zinc stearate within
the bulk material. The majority of the composites containing zinc stearate exhibited mixed
mode failure, with a combination of compressive failure of fibres and matrix on the upper
surface, interlaminar shear throughout the sample and tensile failure of the fibres on the
lower surface. In contrast, tensile failure of the fibres was the main failure mode in compos-
ites free of zinc stearate. A reduction in composite cross-section area of 1.7% was observed
on the removal of zinc stearate from the resin formulation as the zinc stearate acted as a
filler with large particles. Composites containing Omyacal 2 at a content of 45 phr were
produced in an attempt to compensate for a reduction in fibre packing associated with re-
moval of the larger zinc stearate particles. An increased filler content of 45 phr of Omyacal
2 resulted in a decrease in flexural strength (30 MPa) when compared to a composite with
a resin formulation containing only P100 resin and Omyacal 2 at a content of 30 phr while
providing an increase in flexural strength (20 MPa) when compared to a composite with a
P100 resin formulation containing zinc stearate and Omyacal 2 at a content of 5 and 30 phr,
respectively. As a result the filler content of industrial pultrusion resin formulations may
be increased from 30 to 45 phr with no negative effects on flexural properties when zinc
stearate is removed.
Increasing the loading support span from the standard 16:1 to 20:1 may reduce the risk of
interlaminar shear failure within the flexural specimens [12], but as the tests were intended
to be comparative in nature the decision was made to retain the loading span at 16:1 for
all tests. It was noted that only two out of 150 samples exhibited pure interlaminar shear
failure. Slow motion video footage captured during testing showed that failure occurred
rapidly in the majority of the samples that resulted in a mixed mode failure, although some
samples initially exhibited tensile failure on the lower surface prior to the onset of other
failure modes.
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FIGURE 7.4: Mean flexural strength of 15 x 3.5 mm flat bars containing
Omyacal 2 at 30 phr and 45 phr, characterising the effects of removing zinc
stearate and P200 resin. Error bars represent 95% confidence interval on mean
strength.
Some samples containing zinc stearate exhibited pure unstable interlaminar shear fail-
ure, with a crack propagating through the entire length of the sample. Interlaminar shear
failure suggests poor interfacial bonding between the matrix and fibres, potentially due to
the presence of zinc stearate rich regions at the interface between the matrix and fibres. The
above failure has also been observed by Irfan et al. in trials regarding external application
of mould release agents [3]. Zinc was shown to be concentrated at the surface of the glass
fibres, rather than the matrix (Figure 7.5). Negligible quantities of zinc were detected in the
bulk composite. Therefore, the presence of zinc at the fracture surface suggests that inter-
laminar failure is initiated as a result of the zinc stearate not migrating to the surface of the
composite. It appears that zinc stearate migrates to the to the fibre and matrix interface,
reducing the interfacial bonding.
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FIGURE 7.5: Scanning electron micrograph of a pultruded zinc-stearate con-
taining composite that exhibited unstable interlaminar shear failure during a
flexural test. Red dots indicate the presence of zinc as detected by EDS.
7.4 Summary
Particulate fillers were found to have a slight negative effect on the flexural strength of pul-
truded composites when added in high concentrations (> 25 phr), decreasing the flexural
strength by 3.5% compared to unfilled composites. Flexural strength was found to increase
by 7 - 14% at 5 phr compared to unfilled composites. A maximum flexural strength of
1500 MPa was observed upon the removal of zinc stearate and P200 from the resin formula-
tion, while maintaining a filler content of Omyacal 2 at 30 phr. The size of the filler particles
does not have a significant effect on the flexural strength as the failures appear to be initiated
by matrix damage rather than fibre damage.
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Zinc stearate was found to reduce the flexural strength of pultruded composites signifi-
cantly by reducing the fibre-matrix bonding - resulting in interlaminar shear failure.
Interlaminar shear stresses were significant during the flexural tests, with interlaminar
shear failure being observed in the majority of flexural tests. Therefore, a more detailed
study of the interlaminar shear properties of pultruded composites was necessary.
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Effect of additives on the short beam
properties of pultruded composites
8.1 Introduction
Interlaminar shear properties of pultruded composites is often a limiting design factor in
structures, with shear strengths on the order of one tenth to one twentieth of flexural strengths
in common pultruded composites (Table 8.1). Short beam shear testing takes advantage of
the fact that shear stresses always occur in a flexural test. Shear stresses dominate in com-
parison to normal stresses when the span is small compared to the specimen thickness. The
literature regarding the effects of additives on interlaminar shear strength and damage evo-
lution mechanisms during short beam loading of pultruded composites is sparse.
TABLE 8.1: Comparison of properties of pultruded unidirectional epoxy/E-
glass composites. Adapted from Irfan et al. [3].
Resin system Fibre fraction (vol%) Flexural strength/ILSS
EPON 9310 65.7 8.60@
EPON 9405 64.3 9.00@
EPON 9420 64.3 12.4@
EPON 9302 57.4 15.6@
Filled EPON 9500 68.0 26.7@
Araldite LY556 69.3 15.6+
Araldite LY556* 63.7 14.8+
@ASTM D790/D2344, +ASTM D6272/ISO 14130, *Externally applied mould release agent
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8.2 Experimental methods
ASTM D2344 provides a standard test method for determining the short beam strength of
pultruded composites. The test method is simple to employ, requiring only low cost fixtures,
and is fast to perform. The above characteristics make the test ideal for use in quality control
and comparison of resin formulations.
Specimens of rectangular sections manufactured with no filler, Omyacal 2 and Omyacal
10 at contents of 20 phr and 30 phr were subjected to short beam testing (ASTM D2344) with
the aim of studying damage evolution. Damage evolution specimens contained P200 at 10
phr and zinc stearate powder at 5 phr.
Testing was also interrupted at pre-determined strain levels throughout the load-deflection
curve to study the evolution of damage of the composites. Samples were analysed at deflec-
tions of 0.3, 0.6 and 1.0 mm. Samples were sectioned through the central loading point using
a diamond saw blade. The samples were then mounted in acrylic and 1.5 mm was ground
from each sample using a Buehler Powerhead grinder-polisher (Figure A.5) to remove sur-
faces damaged by the cutting procedure. Samples were then polished with progressively
finer sand papers (Beuhler CarbiMet (P100, P240, P320, P600)) and polishing compounds
(Buehler MataDi Supreme Polycrystalline Diamond Solution) down to a final polishing com-
pound of 1 µm using a central load of 20 N spread between six samples. Each polishing stage
was carried out for 6 minutes.
Polished samples were cleaned using an ultrasonic cleaning bath and coated in a thin
carbon layer using a Quorum EMS150T ES Turbo-Pumped Sputter Coater. Samples were
then imaged with secondary electrons using a JEOL JSM-IT300 scanning electron micro-
scope (Figure A.6) using an accelerating voltage of 20 kV, probe current of 55 µA and 10 mm
working distance.
8.3 Results and discussion
8.3.1 Short beam properties as a function of filler content and particle size
The interlaminar shear strength (ILSS) of composites containing no added filler (yet still
retaining zinc stearate and P200 resin) was found to be 61.6±0 8MPa. ILSS was not strongly
affected by the presence of the fillers that were tested (Figure 8.1). An average net decrease in
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ILSS of 10% was observed when filler content was varied between 5 and 30 phr, decreasing
from 68 to 61 MPa (Figure 8.1). Interestingly, an increase in ILSS was observed with the
addition of filler, indicating that the filler helped to reduce the presence of voids when added
in small concentrations.
FIGURE 8.1: Short beam strength of 15(w) x 3.5 (t)mm flat bars using various
Omyacal fillers between 5 phr and 30 phr content. Error bars represent 95%
confidence interval on mean strength.
Zinc stearate and P200 resin were both found to decrease the ILSS of pultruded compos-
ites significantly (Figure 8.2). The addition of zinc stearate to the resin mixture decreased
the ILSS by 18 MPa (21%). The addition of P200 to the resin mixture decreased the ILSS by
7 MPa (8%). The addition of both zinc stearate and P200 to the resin mixture decreased the
ILSS by 28 MPa (33%). The reason for the decrease in observed ILSS is due to zinc stearate
not migrating to the outer surface of pultruded composites as discussed in Section 7.3.
8.3.2 Damage evolution under short beam loading conditions
Figure 8.3 gives a representative stress-displacement curve for a pultruded glass reinforced
composite under short beam loading configuration. Three distinct stages are observed through-
out the loading response of these samples. The first stage is linear elastic response (I), where
little to no damage occurs within the sample. The second stage is damage formation (II)
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FIGURE 8.2: Interlaminar shear strength of 15(w) x 3.5 (t)mm flat bars as a
function of Omyacal 2, zinc stearate and P200 resin content. Error bars repre-
sent 95% confidence interval on mean strength.
where cracks begin to form within the sample and the third stage is damage growth (III)
where existing cracks grow substantially.
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FIGURE 8.3: Representative stress-displacement curve for a pultruded glass
reinforced polyurethane matrix composite under short beam loading config-
uration.
Sparse debonding is observed at the fibre-matrix interface surrounding a fibre-lean re-
gions following Stage I loading (Figure 8.4). Cracks are not observed to propagate through
the matrix phase, rather the cracks propagate along the fibre-matrix interface. Resin shrink-
age may also partially cause initiation of damage at the fibre-matrix interface. Similar dam-
age was observed with unfilled and Omyacal 2 and Omyacal 10 filled composites following
Stage I loading.
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FIGURE 8.4: Scanning electron micrograph of a pultruded composite part af-
ter short beam testing through Stage I loading. Fibre lean region is green.
Omyacal 2 at 20 phr.
A higher density of isolated regions of debonding at the fibre-matrix interface was ob-
served at multiple sites throughout specimens by the end of Stage II loading (Figure 8.5).
The damage mechanism is the same as observed after late Stage I loading (damage ini-
tiation), with more damage initiation sites present. Similar damage was observed for all
samples that were loaded through to the end of Stage II.
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FIGURE 8.5: Scanning electron micrograph of a pultruded composite part af-
ter short beam testing through Stage II loading.
Microcracking developed into a network by the end of Stage III (Figure 8.6). The resin
mixture of the part contained Omyacal 2 at 30 phr, P200 at 10 phr and zinc stearate powder
at 5 phr. Similar levels of damage were observed for all samples following Stage III load-
ing. The damage is widespread such that many isolated cracks link together to form larger
macroscopic cracks..
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FIGURE 8.6: Scanning electron micrograph of a pultruded composite part af-
ter short beam testing through Stage III loading.
8.4 Summary
The short beam strength of pultruded composites was found to behave in a similar manner
to the flexural strength. A slight decrease in interlaminar shear strength was observed with
increased filler content. Filler particle size had a negligible effect on the interlaminar shear
strength, indicating that filler particle size does not play a major role in interfacial bonding
between the matrix and fibres. Zinc stearate (5 phr) and P200 (10 phr) were shown to dra-
matically decrease the interlaminar shear strength of pultruded composites by 33% from 86
to 58 MPa.
Short beam loading of composites results in a stress-strain response consisting of three
distinct regions: (I) linear elastic, (II) damage formation and (III) damage growth. Damage







The effects of fibre packing on the elastic properties of a transversely random distributed,
longitudinally unidirectional glass-epoxy composite was described by Gusev et al. [15]. Ran-
dom microstructure generation (RMG) was used as a method for predicting elastic proper-
ties of real and simulated fibre arrangements in unidirectional long fibre composites with
high volume fractions by Melro et al. [16] and Romanov et al. [17]. A modified nearest
neighbour algorithm method similar to the RMG method was developed for generating rep-
resentative volume elements (RVEs) as reported by Wang et al. [18]. A reprentative volume
element is a small volume element over which a measurement can be made that represents
the whole composite, Gusev et al. found a square region with side lengths of 25x the average
fibre diameter provide adequate RVEs [15].
None of the above models considered the presence of filler particles, only considering
the fibres and matrix in composites. This work aims to fill the gap in literature regarding
generation of statistically representative microstructures of composites containing fillers in
addition to glass fibres.
9.2 Statistically representative microstructure generation
A model was created using MATLAB to generate random microstructure cross-sections in
the form of representative volume elements (RVE). The model aims to predict shrinkage
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and density of pultruded composites as a function of the filler content and type.
A RVE is generated containing fibres and fillers created from statistical distributions
relating to the particular products (glass fibres, filler particles) being used. The micrograph is
then analysed to determine the fibre volume fraction, filler volume fraction, product density
and expected shrinkage of the part.
The first step in generating the RVE involves generating an allowable region in which
the components of the composite may be placed. A maximum allowable region is generated
using a matrix of pure zeros, with each element representing one square micron multiplied
by a scaling factor (which is generally one). This region is then subdivided into multiple
overlapping subregions which may then be filled with components (Figure 9.1).
FIGURE 9.1: Overlapping subregion generation method, initial subregion
populated.
Once a subregion has been defined, the algorithm begins to attempt placing fibre and
filler particles within the region. A random point within the subregion is generated, this
point represents the centre of the first object. In order to optimise the process of object place-
ment, a sub matrix is generated for each object. This submatrix has dimensions correspond-
ing to a square that contains a circular object located at the centre of the submatrix. The
object is defined within this submatrix by replacing the corresponding elements with a 1. In
order to determine whether the object overlaps any existing objects within the subregion,
the submatrix is dot multiplied with the region of the same dimensions as the submatrix
surrounding the attempted centre location of the object within the subregion. If there is
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any overlap with an existing particle, the maximum value of this dot multiplication will be
greater than zero.
If any overlap between objects is detected, the attempted centre location of the new ob-
ject will be mutated by a small amount (mutation factor), corresponding to the number of
attempts made at placing the particle. When a situation of non-overlapping is detected, the
object is placed within the subregion matrix and given a value between 0 and 255, depend-
ing on whether it is a filler particle or glass fibre. Each particle is attempted to be placed
2000 times. If the object cannot be placed within 1000 attempts through mutation, a new
random centre will be selected, this will continue until the object is placed, or a total of 2000
attempts have been made.
For filler particles, the entire particle must be placed within the subregion, but glass
fibres are allowed to be placed with their centres on the boundary of the subregion, elim-
inating issues where lines are formed between subregions where all of the glass fibres are
aligned with the edge of the subregions.
Once a subregion has reached a lower limit for glass volume fraction and filler volume
fraction, the script moves on to the next subregion and repeats the process. This process
continues until either the specified quantity of glass fibres have been placed or the script
runs out of objects to place.
9.3 Deterministic density modelling
A simple model using the rule of mixtures to determine the density of composites was
initially used. The predicted (ideal) density of a 15(w) x 3.5 (t)mm rectangular pultruded
composite containing 20 rovings of 4400 tex E-glass (glass volume fraction calculated from
measured dimensions of each specimen), with a matrix consisting of a P100/P200 blend
increases approximately linearly from 2.066 to 2.103 g cm−3 with an increase in filler (Omy-
acal 2) content from 0 to 30 phr (Figure 9.2). The ideal prediction exceeds measured values
when the composite is unfilled and when the filler content exceeds 20 phr. The reason for
this is due to the increased presence of voids within the unfilled and highly filled compos-
ites. Raper et al. showed the formation of voids in unfilled composites is due to styrene gas
bubble nucleation at the fibre-matrix interface as a result of lowered pressure resulting from
excessive resin stripping at the die entrance with low viscosity resins [33]. The formation
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of voids in highly filled composites is due to two possible mechanisms: (i) close-packing of
filler particles that exclude resin penetrating the agglomerates and (ii) filler particles acting
as gas bubble nucleation sites that cause evolution of styrene gas or CO2 by racting with
catalysts during the pultrusion process as described by Zhang et al. [13]. Data sheets for
the Omyacal fillers indicate that the packed bulk density for Omyacal 1T and Omyacal 2 is
0.8 g cm−3 (ISO 787/11) and for Omyacal 5 and Omyacal 10 is 1.0 g cm−3 (ISO 787/11). The
density for bulk calcium carbonate is 2.75 g cm−3. Therefore, the likelihood that agglom-
eration occurs (and resin is excluded from the agglomerate interstices) is increased with
increasing concentration of filler particles. A reasonable fit to the measured data is obtained
by modelling the effective density of the filler as constant at 2.7 g cm−3 up to a content of 20
phr and then decreasing the density to 1.8 and 1.6 g cm−3 at a content of 25 phr and 30 phr,
respectively, (Figure 9.3).
FIGURE 9.2: Predicted and measured density for a composite filled with Omy-
acal 2 between 0 phr and 30 phr.
Using the rule of mixtures for predicting density of pultruded profiles has several limi-
tations. The rule of mixtures does not account for greater effects on packing of larger filler
particles compared to smaller filler particles, nor does the model account for resin shrinkage
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- this necessitates measuring the actual glass content of a composite before any modelling
may commence. The rule of mixtures also assumes all particles and fibres are spread evenly
throughout the composite with no clustering. In reality, the particles tend to cluster at in-
terstices between the fibres and form agglomerates. Allowing a longer rest period between
mixing resin and pultruding the profiles may decrease the effects of agglomeration by al-
lowing the resin to permeate into the agglomerates.
FIGURE 9.3: Effective density of a calcium carbonate filler between 5 phr and
30 phr.
9.4 Modelling the packing arrangement
The fibre packing arrangement varies chaotically throughout a pultruded composite, ex-
hibiting a combination of random, hexagonal and square packing [11] (Figure 9.4).
Ideally, a model used to generate a representative microstructure of a pultruded compos-
ite must attempt to replicate the actual packing arrangement. This work involves a modified
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nearest neighbour algorithm (NNA) to place particles within a representative volume ele-
ment. The model initially attempts to place new particles near the most recently placed
particle. If a certain number of attempts at placing the particle are unsuccessful, then the
model attempts to place the particle at random throughout the allowable region. In order to
tune the model to produce realistic results, mutation factors and attempt allowances are ad-
justed. Wang et al. used a similar modified NNA to model carbon fibre/epoxy composites
and showed the method is capable of producing realistic clustering [18].
FIGURE 9.4: Micrograph showing various fibre configurations present in real
composites. Red fibres exhibit square packing, green fibres exhibit hexagonal
packing and grey fibres exhibit random packing.
9.5 Particle size determination
The diameter of particles (fibres and fillers) to be placed is determined using various meth-
ods, although the model is limited to objects with a circular cross-section.
For glass fibres, a random value is selected from an array of values corresponding to
measured fibre radii from a micrograph of a pultruded composite manufactured with 4400
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tex Jushi rovings (Figure 9.5).
FIGURE 9.5: Probability distribution for measured fibre radii of 4400 tex Jushi
rovings.
Two methods were developed for generating filler particle sizes. The first method in-
volves using the particle size distributions obtained in Section 5.2.2 and selecting particle
diameters based on the cumulative distribution function for each filler type. However, this
method has a major limitation in that the particle distribution curves are not entirely rep-
resentative of the true filler particle distributions due to issues with agglomeration. Hence,
this method is not preferred. However, this method may be useful if a density correction
factor is applied to larger particles in an effort to account for resin exclusion from agglomer-
ates.
The second method for generating filler particle sizes involves generating a Weibull ran-
dom number representing the particle radius. Two parameter Weibull distributions are ap-
plicable to describing particle distributions generated by milling and crushing operations
[34]. Using a scale parameter of 1.0 and a shape parameter of 1.5 gives a Weibull distribu-
tion corresponding closely to particles of Omyacal 2.
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9.6 Statistical characterisation
Nearest neighbour angle analysis and fibre radius distribution analysis was performed us-
ing MATLAB to analyse the generated RVEs.
Nearest neighbour angle analysis considers the angle between a reference fibre and its
nearest neighbour with respect to the positive x-axis, to give a cumulative distribution func-
tion for the RVE. A straight diagonal line is produced for a completely spatial random (CSR)
distribution of fibres, indicating an equal probability of a fibre being at each angle. A devi-
ation from the straight diagonal line is observed if there is an element of regularity in the
fibre distribution. Experimental measurements in the literature have found such deviations
to occur [18, 16, 17], indicating clustering and a degree of regularity in real composites.
The fibre radius distribution was established by comparing histograms generated from
the experimental and generated RVEs.
9.7 RVE analysis
RVEs are automatically analysed by MATLAB to determine key properties of the composite.
The predicted density, glass content, filler content in phr and expected shrinkage of the com-
posite were calculated. Density is calculated by summing the products of volume fractions
and constituent density of each constituent. The glass content is calculated by summing the
elements of glass fibres in the RVE and dividing the sum by the total number of elements
in the RVE. Filler content in phr is calculated by determining the mass fraction(s) of the






where phr fn is the parts per hundred resin of filler n, m
f
n is the mass fraction in the matrix
of filler n, phrr is the parts per hundred resin of the resin - 100 - and mr is the mass fraction
of resin in the matrix.
Part shrinkage was modelled by applying a 2.2% linear shrinkage (determined by com-
paring the dimensions of cast neat P100 resin and the casting mould) to the resin component
of the matrix in the RVE, keeping the volume of the glass fibres and fillers constant.
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9.8 Results and discussion
Figure 9.6 gives a representative volume element for a pultruded composite containing uni-
directional reinforcement in the form of 4400 tex Jushi 312 rovings and Omyacal 2 as a filler.
This particular RVE gives a fibre content of 64.0 vol% and a filler content of 31.0 phr.
FIGURE 9.6: Representative volume element of a pultruded composite. Fibres
are blue, filler particles are red and the matrix is black.
Nearest neighbour angle analysis for a generated RVE shows an essentially random
packing of glass with little stepping as observed in square packed microstructures and
hexagonally packed microstructures (Figure 9.7). These results are in agreement with near-
est neighbour angle analysis given in by Wang et al., indicating that the model provides an
adequately representative microstructure [18].
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FIGURE 9.7: Nearest neighbour angle analysis for a generated RVE.
The microstructure generation algorithm produces accurate predictions of product den-
sity and glass packing (Figure 9.8, Figure 9.9), the modelled structure consists of unidirec-
tional reinforcement in the form of 4400 tex Jushi 312 rovings and Omyacal 2 as a filler. The
matrix resin does not include Plexinate P200 or zinc stearate powder. The samples which
were used for the comparison were manufactured with resin which was mixed and left to
sit for at least one hour after the filler particles had been added, reducing the effects of resin
exclusion in close packed filler particle agglomerates. Some variation and oscillatory be-
haviour is evident in the prediction, but this is an expected result when using stochastic
methods for determining properties, especially when a small RVE is used. The RVE used
in this case had dimensions of 800 µm by 800 µm. Running the simulation for larger RVEs
reduces the variation in results but increases computational time significantly.
The generated microstructures tend to be biased slightly towards fibres with a smaller
radii (Figure 9.10). A bias toward smaller fibres is due to the fact that as the fibre content
increases in the generated microstructure, larger fibres become more difficult to place than
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FIGURE 9.8: Predicted density of a pultruded composite using a generated
RVE. The line represents the prediction, while the individual points represent
measured data from manufactured composites.
smaller fibres. After a specified number of attempts the model eventually gives up on plac-
ing the larger fibres. This is partially accounted for by dynamically adjusting the number
of attempts made at placing fibres depending on their radius, allowing greater numbers of
attempts to place larger fibres than for smaller fibres. Future work should involve imple-
menting a "stirring" algorithm to continually relocate fibres during the packing sequence in
an effort to improve packing efficiency, similar to work by Chen et al. [8].
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FIGURE 9.9: Predicted fibre content of a pultruded composite using a gen-
erated RVE. The line represents the prediction, while the individual points
represent measured data from manufactured composites.
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FIGURE 9.10: Distribution of fibre radii for a generated microstructure (blue)
and for an experimentally measured microstructure (peach).
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9.9 Summary
A stochastic model was developed to generate microstructures representative of pultruded
composites containing fillers. Density and fibre volume fraction predictions were in agree-
ment with measured values from real composites.
The model is currently limited as it does not incorporate a "stirring" algorithm which
is used in other works, as a result the model produces microstructures that are biased to-
wards smaller fibre diameters than true microstructures. A "stirring" algorithm repositions
previously placed fibres to increase the fibre volume fraction when the model encounters
difficulty in placing new fibres. The model does not consider void formation.
Microstructures generated using this model may be used for FEA to predict the tensile,
flexural and interlaminar shear properties of pultruded composites in future work. The
model is also useful for predicting the maximum allowable number of rovings that may be




10.1 Summary of the main findings
• Tensile strength of unidirectional pultruded composites is slightly sensitive to filler
content and is affected significantly by the filler median particle diameter. Fibre crimp-
ing caused by large filler particles appears to be responsible for these effects.
• The type of filler used (talc or calcium carbonate) does not appear to directly affect the
tensile strength. A linear decreasing relationship between median particle diameter
and tensile strength is observed.
• Filler content and particle size have little effect on the flexural and short beam strengths
of pultruded composites, a net negative effect is noticed but is only on the order of 3
to 10% at a filler content of 30 phr when compared to 5 phr and a positive effect when
compared to products manufactured containing no filler.
• The addition of zinc stearate and P200 polyurethane resin appears to decrease the
interlaminar shear strength of unidirectional pultruded composites by approximately
33%. The effects do not appear to interact, with the P200 being responsible for one
third of the decrease and the zinc stearate being responsible for the remaining two
thirds of the decrease. Zinc stearate was found to accumulate at the interface between
the matrix and fibres in pultruded composites, resulting in reduced bonding.
• Similar effects on flexural strength are observed when zinc stearate and P200 polyurethane
resin are added to the resin mixture, giving an decrease in flexural strength of approx-
imately 15%. However, the effects of the P200 and zinc stearate appear to swap roles,
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with the P200 being responsible for two thirds of the loss of strength while the zinc
stearate is responsible for only one third of the loss of strength.
• Incorporation of filler particles into a random microstructure generation algorithm al-
lows for the prediction of maximum density and fibre packing fraction in real pul-
truded composites.
It is recommended that the use of Rebain DC325T-FIR as a filler in pultruded composites be
discontinued and a replacement filler with smaller particle sizes and better UV performance
be specified. Omyacal 2 at 30 phr has been shown to perform well when used as a filler in
pultruded composites.
Removal of Zinc stearate and P200 resin from the industrial resin formulation is recom-
mended as there is no apparent benefit to the pultruded composites, with significant impair-
ment of properties being observed when these components are present. If zinc stearate is to
be removed from the resin formulation, the concentration of filler particles may be increased
to 45 phr in order to account for increased product shrinkage without significant detriment
to product properties.
When mixing filler into resin, a significant waiting period is required to allow for particle
agglomeration to be overcome and thus reducing the void content of manufactured prod-
ucts. If the resin is used too soon after the filler powder is added there will tend to be large
agglomerates of filler particles which have excluded resin from their body, these agglomer-
ates act as hosts for voids. Table 10.1 gives the suggested resin formulation as a result of this
research.
TABLE 10.1: Suggested resin formulation.
Material Weight (phr) Weight (percent)
Plexinate P100 polyurethane resin 100 (base reference) 67.6 %
Norox Pulcat AWM catalyst 1.5 1.0 %
Norox TBPB catalyst 1.0 0.68 %
Mold Wiz INT-PUL-24 0.5 0.34 %
Omyacal 2 Filler 45.0 30.4 %
10.2. Future work 81
10.2 Future work
Due to time limitations of this project, further study of the random microstructure genera-
tion algorithm was not able to be performed. Future study should involve determining the
statistical validity of the algorithm. Wang et al. [18] give a good overview of methods which
are suitable for determining statistical validity. These methods include nearest neighbour
distance (completed as a part of nearest neighbour angle analysis), nearest neighbour angle
(completed), Ripley’s K function and the radial distribution function.
Representative volume elements from the random microstructure generation algorithm
should be used to perform FEA and model the elastic properties of filled pultruded com-
posites.
The three dimensional microstructure of pultruded composites has not been studied and
as such no model has been produced to predict the degree of micro-crimping throughout the
sample. MicroCT may provide a means for observing micro-crimping behaviour within a
part.
Further research should be conducted into the effects of zinc stearate and P200 resin on
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FIGURE A.1: Metler Toledo density testing apparatus.
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FIGURE A.2: CAD drawing of tensile testing clamp fixtures used in experi-
ments, fixtures designed to meet and exceed ASTM D3916
88 Appendix A. Images of Equipment
FIGURE A.3: Tensile testing clamp fixtures manufactured as a part of this
project. A: 3.2 mm diameter rod, B: 12.7 mm diameter rod, C: 5.0 mm diam-
eter rod, D: 11 mm by 4.0 mm rectangular bar.
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FIGURE A.4: CAD drawing of short beam loading fixtures used in experi-
ments, fixtures designed to meet ASTM D2344
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FIGURE A.5: Beuhler Powerhead grinder-polisher.
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1 c l e a r a l l , c l o s e a l l , c l c
2 load ( ’ expdiam . mat ’ ) ; % Load experimental diameter data
3 f i l l e r c o n t e n t = [ 5 : 5 : 3 0 ] ; % Attempted f i l l e r loadings in phr
4 r e s u l t s = zeros ( length ( f i l l e r c o n t e n t ) , 4 ) ; % I n i t i a l i s e r e s u l t
matrix
5 subvolpercg lass = 0 ; % i n i t i a l i z e subregion volume percentage g l a s s
6 s u b m f i l l e r 1 = 0 ; % i n i t i a l i z e subregion f i l l e r loading
7 f o r n = 1 : length ( f i l l e r c o n t e n t ) % Loop through each f i l l e r content
8 % product dimensions
9 width = 1 ; % width in mm
10 height = 1 ; % height in mm
11 ID = 6 ; % i n t e r n a l diameter i f used , mm
12 nglass = 15000 ; % Number of f i b e r s to t r y and place
13 nf1 = 35000 ;%/n^0.4∗ f i l l e r c o n t e n t ( n ) ;%19000;%24000; % Number of
f i l l e r 1 to t r y and place
14 nf2 = 0 ;%1 5 0 ; % Number of f i l l e r 2 to t r y and place
15 t = 1 ; % 1 , r e c t a n g l e ; 2 , round rod ; 3 , round tube
16 f1 type = 2 ; % Type of f i l l e r f o r f i l l e r 1 , 1 : given
d i s t r i b u t i o n , 2 : poisson d i s t r i b u t i o n
17 i n i t s u b r e g l i m = 6 0 ; % Lower l i m i t on f i b r e content f o r i n i t i a l
subregion
18 gensubreglim=63− f i l l e r c o n t e n t ( n ) /30; % Lower l i m i t f o r g l a s s
percentage in subvolume
19 subreglim = i n i t s u b r e g l i m ; % Set the sub region l i m i t
20 s c a l e f a c t o r = 2 ; % how much to s c a l e the matrix and a s s o c i a t e d
c a l c u l a t i o n s by
21 actnumrov = 0 . 1 ; % Actual number of rovings
22 a c t g l a s s a r e a = actnumrov ∗ 1 . 7 3 ; % Each 4400 roving i s 1 . 7 3 mm̂ 2
23 dmid = 2 0 ; % d e l t a growth f o r subregion mid s e c t i o n s
24 dend = 2 0 ; % d e l t a growth f o r subregion ends
25 % Upper l i m i t s f o r f i l l e r s
26 l imf1 = f i l l e r c o n t e n t ( n ) ;%1 5 ; % l i m i t in phr f o r the f i l l e r
27 l imf2 = 0 ; % l i m i t in phr of f i l l e r 2
28 warning ( ’ o f f ’ , ’ a l l ’ ) ; % Disable warnings
29 globa l matcomposite smatxl smatyl smatx l l smatyl l smatx smaty
f i b r e l i s t % I n i t i a l i s e g loba l v a r i a b l e s
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30 f i b r e l i s t = zeros ( nglass , 3 ) ; % L i s t of f i b r e diameters and x , y
coordinates
31 smatx = 1e3∗width∗ s c a l e f a c t o r ; % width in micron
32 smaty = 1e3∗height ∗ s c a l e f a c t o r ; % height in micron
33 i n i t s m a t x l = smatx /5;%/17;
34 i n i t s m a t y l = smaty /5;%/17;
35 smatxl = i n i t s m a t x l ; % i n i t i a l l i m i t of guess region
36 smatyl = i n i t s m a t y l ; % i n i t i a l l i m i t of guess region
37 smatx l l = 1 ; % i n i t i a l lower l i m i t of guess region
38 smatyl l = 1 ; % i n i t i a l lower l i m i t of guess region
39 matcomposite = zeros ( smatx , smaty , 3 ) ; % matrix f o r f i b e r /
p a r t i c l e p o s i t i o n s and s i z e
40 %−−− Define region which i s composite and which i s die
41 switch t
42 case 1 % Rectangle
43 c u t o f f p e r c = actnumrov ∗1 . 7 3 / ( width∗height ) ∗100 ; % Stop
adding g l a s s when we get to t h i s point
44 case 2 % Round rod
45
46 c u t o f f p e r c = actnumrov ∗1 . 7 3 / ( width^2/4∗pi ) ∗100 ; % Stop
adding g l a s s when we get to t h i s point
47 % Outside diameter
48 r = smatx/2∗ s c a l e f a c t o r ; % radius of hole
49 [ nc nr ] = meshgrid ( 1 : smatx , 1 : smaty ) ;
50 xc = smatx /2; % c e n t r e x coord
51 yc = smaty /2; % c e n t r e y coord
52 submat = 1 5 0∗ ( ( nr−yc ) .^2+( nc−xc ) .^2>= r . ^ 2 ) ;
53 matcomposite = matcomposite+submat ;
54 % C i r c u l a r tube , 10 mm x 4 mm
55 case 3
56 % Centre hole
57 c u t o f f p e r c = actnumrov ∗1 . 7 3 / ( width^2/4∗pi−ID^2/4∗pi )
∗100 ; % Stop adding g l a s s when we get to t h i s point
58 r = width∗ s c a l e f a c t o r ; % radius of hole
59 [ nc nr ] = meshgrid ( 1 : smatx , 1 : smaty ) ;
60 xc = smatx /2;
61 yc = smaty /2;
62 submat = 1 5 0∗ ( ( nr−yc ) .^2+( nc−xc ) .^2<= r . ^ 2 ) ;
63 matcomposite = matcomposite+submat ;
64 % Outside diameter
65 r = 5000∗ s c a l e f a c t o r ; % radius of hole
66 [ nc nr ] = meshgrid ( 1 : smatx , 1 : smaty ) ;
67 xc = smatx /2;
68 yc = smaty /2;
69 submat = 1 5 0∗ ( ( nr−yc ) .^2+( nc−xc ) .^2>= r . ^ 2 ) ;
70 matcomposite = matcomposite+submat ;
71 end
72 %−−− Load in data f o r f i l l e r s
73 dat f1 = importdata ( ’ omyacal10 . csv ’ ) ; % f i l l e r 1
74 radf1 = dat f1 . data ( : , 2 ) ∗ s c a l e f a c t o r ; % radius data
75 cumf1 = dat f1 . data ( : , 3 ) ; % cumulative quant i ty
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76 rhof1 = dat f1 . data ( 1 , 5 ) ; % densi ty of f i l l e r p a r t i c l e s
77 % J u s t assume a p a r t i c l e s i z e d i s t r i b u t i o n
78 lambda = 1 ; % mean p a r t i c l e radius
79 wb1 = 1 ;%1 ; % weibul l f a c t o r lambda
80 wb2 = 1 . 5 ; % weibul l f a c t o r k
81 s f = 1 . 0 ; % s c a l i n g f a c t o r f o r weibul l
82 dat f2 = importdata ( ’ z i n c s t e a r a t e . csv ’ ) ; % f i l l e r 2
83 rhof2 = dat f2 . data ( 1 , 5 ) ; % densi ty of f i l l e r p a r t i c l e s
84 radf2 = dat f2 . data ( : , 2 ) ∗ s c a l e f a c t o r ; % radius data
85 cumf2 = dat f2 . data ( : , 3 ) ; % cumulative quant i ty
86 %−−− Glass f i b e r s i z e d i s t r i b u t i o n
87 muglass = 11 .24∗ s c a l e f a c t o r ; % Mean radius of g l a s s f i b r e
88 s t d g l a s s = 0 .925∗ s c a l e f a c t o r ; % Stdev of g l a s s radius
89 rhoglass = 2 . 5 4 ;
90 %−−− P a r t i c u l a r p r o p e r t i e s
91 rhores in = 1 . 0 5 ; % Density of r e s i n
92 phrf1 = 3 0 ; % Par t s per 100 r e s i n of f i l l e r 1 by weight
93 phrf2 = 5 ; % Par t s per 100 r e s i n of f i l l e r 2 by weight
94 totweight = 100+ phrf1+phrf2 ; % Tota l weight of mixture
95 wpercf1 = phrf1 /( totweight ) ; % Weight f r a c t i o n of f i l l e r 1 in
r e s i n
96 wpercf2 = phrf2 /( totweight ) ; % Weight f r a c t i o n of f i l l e r 2 in
r e s i n
97 wpercresin = 100/( totweight ) ; % Weight f r a c t i o n of r e s i n in
r e s i n mixture
98 t o t v o l = wpercresin∗ rhores in+wpercf1∗ rhof1+wpercf2∗ rhof2 ; %
Tota l volume of mixture
99 vpercf1 = wpercf1∗ rhof1 /( t o t v o l ) ; % Volume f r a c t i o n of f i l l e r 1
in r e s i n
100 vpercf2 = wpercf2∗ rhof2 /( t o t v o l ) ; % Volume f r a c t i o n of f i l l e r 2
in r e s i n
101 vpercres in = wpercresin∗ rhores in /( t o t v o l ) ; % Volume f r a c t i o n of
r e s i n in mixture
102 %−−− Generate f i l l e r matrix
103 gx = 0 ;
104 gy = 0 ; % I n i t i a l guesses f o r l o c a t i o n s
105 %F i l l e r 1
106 f1 = f1type ; % P r e s e t the f i l l e r 1 type
107 numsteps = max ( [ nf1 , nf2 , nglass ] ) ;
108 numexp = length ( exp ) ;
109 f o r i =1: numsteps
110 subproductarea = numel ( matcomposite (max( 5 , smatx l l ) : smatxl
, 5 : smatyl l ) ) +numel ( matcomposite ( 5 : smatxl l , max( 5 , smatyl l )
: smatyl ) ) +numel ( matcomposite (max( 5 , smatx l l ) +1 : smatxl , max
( 5 , smatyl l ) +1 : smatyl ) )−(sum(sum( matcomposite (max( smatxl l
, 5 ) : smatxl , 5 : smatyll , 1 ) ==150) ) +sum(sum( matcomposite ( 5 :
smatxl l , max( 5 , smatyl l ) : smatyl , 1 ) ==150) ) +sum(sum(
matcomposite (max( 5 , smatx l l ) +1 : smatxl , max( 5 , smatyl l ) +1 :
smatyl , 1 ) ==150) ) ) ;
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111 subglassarea = sum(sum( matcomposite (max( 5 , smatx l l ) : smatxl
, 5 : max( 5 , smatyl l ) , 3 ) ==255) ) +sum(sum( matcomposite ( 5 : max
( 5 , smatx l l ) ,max( 5 , smatyl l ) : smatyl , 3 ) ==255) ) +sum(sum(
matcomposite (max( 5 , smatx l l ) +1 : smatxl , max( 5 , smatyl l ) +1 :
smatyl , 3 ) ==255) ) ;
112 subvolpercg lass = subglassarea /( subproductarea ) ∗100 ;
113 i f subvolpercg lass < subreglim+round ( 0 . 7 ∗ rand )
114 r g l a s s = s c a l e f a c t o r ∗round ( exp ( c e i l (numexp∗rand ) ) /2)
∗ ( 0 . 8 + 0 . 4∗ rand ) ;
115 [ gx , gy]= p a r t i c l e p l o t ( r g l a s s , gx , gy , 3 ) ;
116 end
117 perc = ( i /numsteps ) ∗100 ;
118 i f mod( perc , 0 . 3 ) ==0
119 c l c
120 display ( [ ’ Progress : ’ num2str ( perc ) ’%’ ] ) ;
121 productarea = numel ( matcomposite ( : , : , 1 ) )−numel ( f ind (
matcomposite ( : , : , 1 ) ==150) ) ;
122 g l a s s a r e a = sum(sum( matcomposite ( : , : , 3 ) ==255) ) ;
123 v o l p e r c g l a s s = g l a s s a r e a /( productarea ) ∗100 ;
124 display ( [ ’ F ibre f r a c t i o n : ’ num2str ( v o l p e r c g l a s s ) ’ %’
] ) ;
125 imshow ( matcomposite . / 2 5 5 ) ;
126 drawnow
127 i f v o l p e r c g l a s s >= c u t o f f p e r c
128 while submfi l l e r1 <l imf1
129 r f 1 = s f ∗wblrnd (wb1 , wb2) ;
130 [ gx , gy ] = p a r t i c l e p l o t ( r f1 , gx , gy , 1 ) ;
131 s u b v o l f i l l e r 1 = (sum(sum( matcomposite (max( 5 ,
smatx l l ) : smatxl , 5 : max( 5 , smatyl l ) , 1 ) ==255) ) +
sum(sum( matcomposite ( 5 : max( smatxl l , 5 ) ,max( 5 ,
smatyl l ) : smatyl , 1 ) ==255) ) +sum(sum(
matcomposite (max( 5 , smatx l l ) +1 : smatxl , max( 5 ,
smatyl l ) +1 : smatyl , 1 ) ==255) ) ) ;%. / (
subproductarea−subglassarea ) ∗100 ;
132 subvolmat = subproductarea−subglassarea ;
133 subvolres = subvolmat−s u b v o l f i l l e r 1 ;
134 s v f f 1 = s u b v o l f i l l e r 1 /subvolmat ; % volume
f r a c t i o n f i l l e r 1 in matrix
135 s v f r =subvolres/subvolmat ; % volume f r a c t i o n
r e s i n in matrix
136 smm = s u b v o l f i l l e r 1 ∗ rhof1+subvolres ∗ rhores in ;
137 smff1 = s u b v o l f i l l e r 1 ∗ rhof1/smm; % mass
138 smfr = subvolres ∗ rhores in/smm;
139 phrr = 1 0 0 ;





145 i f mod( perc , 0 . 0 2 ) == 0
146 g l a s s a r e a = sum(sum( matcomposite ( : , : , 3 ) ==255) ) ;
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147 t r u e g l a s s a r e a = g l a s s a r e a / s c a l e f a c t o r / s c a l e f a c t o r /1e6 ;
% How many square mm are g l a s s ?
148 subproductarea = numel ( matcomposite (max( 5 , smatx l l ) :
smatxl , 5 : smatyl l ) ) +numel ( matcomposite ( 5 : smatxl l , max
( 5 , smatyl l ) : smatyl ) ) +numel ( matcomposite (max( 5 ,
smatx l l ) +1 : smatxl , max( 5 , smatyl l ) +1 : smatyl ) )−(sum(sum
( matcomposite (max( smatxl l , 5 ) : smatxl , 5 : smatyll , 1 )
==150) ) +sum(sum( matcomposite ( 5 : smatxl l , max( 5 , smatyl l
) : smatyl , 1 ) ==150) ) +sum(sum( matcomposite (max( 5 ,
smatx l l ) +1 : smatxl , max( 5 , smatyl l ) +1 : smatyl , 1 ) ==150) ) )
;
149 subglassarea = sum(sum( matcomposite (max( 5 , smatx l l ) :
smatxl , 5 : max( 5 , smatyl l ) , 3 ) ==255) ) +sum(sum(
matcomposite ( 5 : max( 5 , smatx l l ) ,max( 5 , smatyl l ) : smatyl
, 3 ) ==255) ) +sum(sum( matcomposite (max( 5 , smatx l l ) +1 :
smatxl , max( 5 , smatyl l ) +1 : smatyl , 3 ) ==255) ) ;
150 subvolpercg lass = subglassarea /( subproductarea ) ∗100 ;
151 s u b v o l f i l l e r 1 = (sum(sum( matcomposite (max( 5 , smatx l l ) :
smatxl , 5 : max( 5 , smatyl l ) , 1 ) ==255) ) +sum(sum(
matcomposite ( 5 : max( smatxl l , 5 ) ,max( 5 , smatyl l ) : smatyl
, 1 ) ==255) ) +sum(sum( matcomposite (max( 5 , smatx l l ) +1 :
smatxl , max( 5 , smatyl l ) +1 : smatyl , 1 ) ==255) ) ) ;%. / (
subproductarea−subglassarea ) ∗100 ;
152 subvolmat = subproductarea−subglassarea ;
153 subvolres = subvolmat−s u b v o l f i l l e r 1 ;
154 s v f f 1 = s u b v o l f i l l e r 1 /subvolmat ; % volume f r a c t i o n
f i l l e r 1 in matrix
155 s v f r =subvolres/subvolmat ; % volume f r a c t i o n r e s i n in
matrix
156 smm = s u b v o l f i l l e r 1 ∗ rhof1+subvolres ∗ rhores in ;
157 smff1 = s u b v o l f i l l e r 1 ∗ rhof1/smm; % mass
158 smfr = subvolres ∗ rhores in/smm;
159 phrr = 1 0 0 ;
160 s u b m f i l l e r 1 = smff1∗phrr/smfr ;
161 i f t r u e g l a s s a r e a >= a c t g l a s s a r e a && subvolpercglass >=
gensubreglim && submfi l l e r1 >=l imf1
162 break
163 end
164 i f submfi l l e r1 >=l imf1
165 f1 = 3 ; % Disable f i l l e r 1 i f there i s more than
the l i m i t of i t
166 e l s e
167 f1 = f1type ;
168 end
169 i f smatyl == i n i t s m a t y l ;
170 subreglim = i n i t s u b r e g l i m ; % Accounting f o r wall
e f f e c t s , reduce l i m i t f o r sub region
171 e l s e
172 subreglim = gensubreglim ;
173 end
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174 i f ( subvolpercg lass >=subreglim && submfi l l e r1 >=( l imf1
−1) )
175 smatx l l = max ( [ 1 , round ( smatxl −0.2∗ smatx/dmid ) ] ) ;
176 smatyl l = max ( [ 1 , round ( smatyl−0.2∗smaty/dmid ) ] ) ;
177 i f ( smatyl > 0 . 9∗ smaty )
178
179 smatyl = round ( min ( smatyl+smaty/dend , smaty ) ) ;
180 smatxl = round ( min ( smatxl+smatx/dend , smatx ) ) ;
181 e l s e
182 smatyl = round ( min ( smatyl+smaty/dmid , smaty ) ) ;
183 smatxl = round ( min ( smatxl+smatx/dmid , smatx ) ) ;
184 end
185 i f smatxl == smatx
186 smatx l l = 1 ;
187 end
188 i f smatyl l == smaty




193 i f subvolpercglass > i n i t s u b r e g l i m && smatxl == i n i t s m a t x l ||
subvolpercglass >=gensubreglim% mod( i , round ( numsteps/nf1
) ) ==0 &&
194 switch f1
195 case 1
196 r v a l = 100∗ rand ;
197 [m, n ] = min ( abs ( cumf1−r v a l ) ) ;
198 r f 1 = s c a l e f a c t o r ∗ radf1 ( n ) ;
199 gx = round ( smatx∗rand ) ;
200 gy = round ( smaty∗rand ) ;
201 p a r t i c l e p l o t ( r f1 , gx , gy , 1 ) ;
202 case 2
203 rhof1 = 2 . 7 ; % Define a f i l l e r dens i ty
204 r f 1 = s f ∗wblrnd (wb1 , wb2) ;
205 [ gx , gy ] = p a r t i c l e p l o t ( r f1 , gx , gy , 1 ) ;
206 end
207 end
208 i f mod( i , round ( numsteps/nf2 ) ) ==0
209 r v a l = 100∗ rand ;
210 [m, n ] = min ( abs ( cumf2−r v a l ) ) ;
211 r f 2 = radf2 ( n ) ;
212 [ gx , gy ] = p a r t i c l e p l o t ( r f2 , gx , gy , 2 ) ;
213 end
214 end
215 matcomposite = matcomposite ( 2 0 : smatxl −20 ,20: smatyl −20 , : ) ;
216 smatyl = smatyl−40;
217 smatxl = smatxl−40;
218 imshow ( matcomposite . / 2 5 5 ) ;
219 productarea = numel ( matcomposite ( 1 : smatxl , 1 : smatyl , 1 ) )−numel (
f ind ( matcomposite ( 1 : smatxl , 1 : smatyl , 1 ) ==150) ) ;
220 g l a s s a r e a = sum(sum( matcomposite ( 1 : smatxl , 1 : smatyl , 3 ) ==255) ) ;
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221 v o l p e r c g l a s s = g l a s s a r e a /( productarea ) ∗100 ;
222 t o t a l f i l l e r a r e a = sum(sum( matcomposite ( 1 : smatxl , 1 : smatyl , 2 )
==255) ) +sum(sum( matcomposite ( 1 : smatxl , 1 : smatyl , 1 ) ==255) ) ;
223 t o t a l v o l p e r c f i l l e r = t o t a l f i l l e r a r e a /productarea ∗100 ;
224 volpercmatr ix = 100−v o l p e r c g l a s s ;
225 vf1 = sum(sum( matcomposite ( 1 : smatxl , 1 : smatyl , 1 ) ==255) ) ; %
number of elements with f1
226 vf2 = sum(sum( matcomposite ( 1 : smatxl , 1 : smatyl , 2 ) ==255) ) ; %
number of elements with f2
227 vr = numel ( matcomposite ( 1 : smatxl , 1 : smatyl , 1 ) )−numel ( f ind (
matcomposite ( 1 : smatxl , 1 : smatyl , 1 ) ==150) )−vf1−vf2−sum(sum(
matcomposite ( 1 : smatxl , 1 : smatyl , 3 ) ==255) ) ; % number of
elements with r e s i n
228 vm = vf1+vf2+vr ;
229 v f f 1 =vf1/vm; % volume f r a c t i o n f i l l e r 1 in matrix
230 v f f 2 = vf2/vm; % volume f r a c t i o n f i l l e r 2 in matrix
231 v f r =vr/vm; % volume f r a c t i o n r e s i n in matrix
232 mm = vf1 ∗ rhof1+vf2 ∗ rhof2+vr∗ rhores in ;
233 mff1 = vf1 ∗ rhof1/mm; % mass
234 mff2 = vf2 ∗ rhof2/mm;
235 mfr = vr∗ rhores in/mm;
236 phrr = 1 0 0 ;
237 phrf1 = mff1∗phrr/mfr ;
238 phrf2 = mff2∗phrr/mfr ;
239 v o l p e r c f i l l e r 1 = 100∗ v f f 1 ;
240 v o l p e r c f i l l e r 2 = 100∗ v f f 2 ;
241 v o l p e r c r e s i n = 100∗ v f r ;
242 shr inkperc = 2 . 2 ; % how much the r e s i n shr inks by on curing ,
percentage
243 t r u e g l a s s a r e a = g l a s s a r e a / s c a l e f a c t o r / s c a l e f a c t o r /1e6 ; % How
many square mm are g l a s s ?
244 t r u e f i l l e r a r e a = t o t a l f i l l e r a r e a / s c a l e f a c t o r / s c a l e f a c t o r /1e6 ;
245 p r e s h r i n k r e s i n a r e a = productarea ∗1e−6/s c a l e f a c t o r / s c a l e f a c t o r−
t r u e g l a s s a r e a−t r u e f i l l e r a r e a ; % How much r e s i n area i s there
before shrinkage ?
246 p o s t s h r i n k r e s i n a r e a = p r e s h r i n k r e s i n a r e a ∗(1−( shr inkperc ) ^2/100)
; % After shrinkage
247 t rueproductarea = p o s t s h r i n k r e s i n a r e a + t r u e f i l l e r a r e a +
t r u e g l a s s a r e a ; % What i s the true area of the product a f t e r
shrinkage ?
248 s h r i n k f r a c = (1− t rueproductarea /( p r e s h r i n k r e s i n a r e a +
t r u e f i l l e r a r e a + t r u e g l a s s a r e a ) ) ∗100 ;
249 t r u e v o l p e r c f i l l e r = ( t o t a l f i l l e r a r e a / s c a l e f a c t o r / s c a l e f a c t o r /1
e6 ) /trueproductarea ∗100 ;
250 numrovings4400 = t r u e g l a s s a r e a / 1 . 7 3 ; % Number of 4400 rovings
capable
251 numrovings9600 = t r u e g l a s s a r e a / 3 . 7 7 ; % Number of 9600 rovings
capable
252 display ( [ ’ True Fibre f r a c t i o n : ’ num2str ( t r u e g l a s s a r e a /
trueproductarea ∗100) ’ %’ ] ) ;
253 display ( [ ’ F i l l e r 1 weight loading : ’ num2str ( phrf1 ) ’ phr ’ ] ) ;
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254 display ( [ ’ F i l l e r 2 weight loading : ’ num2str ( phrf2 ) ’ phr ’ ] ) ;
255 %display ( [ ’ Number of 9600 rovings : ’ num2str ( numrovings9600 ) ] ) ;
256 display ( [ ’Number of 4400 rovings : ’ num2str ( numrovings4400 ) ] ) ;
257 switch t
258 case 1
259 display ( [ ’ Die area : ’ num2str ( width∗height ) ’ mm^2 ,
Post shrinkage area : ’ num2str ( t rueproductarea ) ] ) ;
260 display ( [ ’ F i n a l width : ’ num2str ( smatyl /1000) ’ mm,
F i n a l height : ’ num2str ( smatxl /1000) ’mm. ( Pre
shrinkage ) ’ ] ) ;
261 case 2
262 productdiam = s q r t ( t rueproductarea ∗4/ pi ) ;
263 display ( [ ’ Die diameter : ’ num2str ( width ) ’ mm, Post
shrinkage diameter : ’ num2str ( productdiam ) ] ) ;
264 end
265 r e s u l t s ( n , 1 ) = phrf1 ; % f i l l e r loading phr
266 r e s u l t s ( n , 2 ) = phrf2 ; % f i l l e r loading phr
267 r e s u l t s ( n , 3 ) = t r u e g l a s s a r e a /trueproductarea ∗100 ;%v o l p e r c g l a s s ;
% volume of g l a s s
268 r e s u l t s ( n , 4 ) = r e s u l t s ( n , 3 ) ∗ rhoglass /100+ t r u e v o l p e r c f i l l e r ∗
rhof1 /100+ rhores in ∗(1+ shr inkperc ^2/100)∗(100− r e s u l t s ( n , 3 )−
t r u e v o l p e r c f i l l e r ) /100; % densi ty
269 r e s u l t s ( n , 5 ) = s h r i n k f r a c ;
270 end
271 f i g u r e ( 2 )
272 p l o t ( r e s u l t s ( : , 1 ) , r e s u l t s ( : , 3 ) )
273 f i g u r e ( 3 )
274 p l o t ( r e s u l t s ( : , 1 ) , r e s u l t s ( : , 4 ) )
275 f i g u r e ( 4 )
276 f i b r e l i s t ( f ind ( f i b r e l i s t ( : , 1 ) ==0) , : ) = [ ] ;
277 h1 = histogram ( round ( f i b r e l i s t ( : , 1 ) ) / s c a l e f a c t o r ) ;
278 hold on
279 h2 = histogram ( round ( exp /2) ) ;
280 h1 . Normalization = ’ p r o b a b i l i t y ’ ;
281 h2 . Normalization = ’ p r o b a b i l i t y ’ ;
282 x l a b e l ( ’ F ibre radius , micron ’ ) ;
283 y l a b e l ( ’ P r o b a b i l i t y ’ ) ;
284 legend ( ’ Generated Micros t ructure ’ , ’ Experimental Measurements ’ ) ;
Particle plotter function
1 func t ion [ xc , yc ] = p a r t i c l e p l o t ( r , gx , gy , type ) % Type i s whether
g l a s s or f i l l e r p a r t i c l e . 1 = f i l l e r 1 , 2 = f i l l e r 2 , 3 = g l a s s
2 globa l matcomposite smatxl smatyl smatx l l smatyl l smatx smaty
f i b r e l i s t
3 % Generate p a r t i c l e a t o r i g i n
4 c u r f i b r e l i s t = f i b r e l i s t ( f ind ( f i b r e l i s t ( : , 1 ) >0) , : ) ; % w i l l be used
f o r checking f o r the n e a r e s t neighbour\
5 nnt = 2 . 5∗ r ; % maximum d i s t a n c e allowed between f i b r e s
6 r = round ( r ) ;
7 i f type == 3
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8
9 e r r =0.12∗ r ^4; % attempts allowed to place a f i b e r
10 e l s e
11 e r r = 1000 ;
12 end
13 [ p , pp ] = meshgrid ( 1 : 2 ∗ r +1 ,1 :2∗ r +1) ;
14 c = r +1;
15 submat = ( p−c ) .^2+(pp−c ) .^2 <=r . ^ 2 ;
16 submat ( 1 : end , 1 ) = 0 ; % pul l the p a r t i c l e away from the edge
17 submat ( 1 : end , end ) = 0 ;
18 submat ( 1 , 1 : end ) = 0 ;
19 submat ( end , 1 : end ) = 0 ;
20 % Pick a nominal p o s i t i o n f o r the p a r t i c l e
21 xc = abs ( gx +round (6∗ r ∗rand−3∗r ) ) ;%r+round ( ( smatxl−2∗r ) ∗rand ) ;
22 yc = abs ( gy +round (6∗ r ∗rand−3∗r ) ) ;% r+round ( ( smatyl−2∗r ) ∗rand ) ;
23 d i s t = nnt +1;
24 while d i s t >nnt
25 i f type == 1
26 d i s t = 0 ;
27 e l s e
28 d i s t s = ( xc−c u r f i b r e l i s t ( : , 2 ) ) .^2+( yc−c u r f i b r e l i s t ( : , 3 ) )
. ^ 2 ;
29 distmins = ( min ( d i s t s ( d i s t s >0) ) ) ;
30 mp = 0 . 6 ; % mutation parameer
31 s h i f t s c a l e = ( 0 . 2 5 ) ∗mp∗ r ;% how much to attempt to s h i f t by
32 xc = round ( xc+ s h i f t s c a l e ∗rand−0.5∗ s h i f t s c a l e ) ; % New x
c e n t r e
33 yc = round ( yc+ s h i f t s c a l e ∗rand−0.5∗ s h i f t s c a l e ) ; % New y
c e n t r e
34 d i s t = s q r t ( distmins ) ;%/mean ( [ r1 , r s ] ) ;
35 end
36 check = ( ( xc >( smatx l l+r )&&xc <( smatxl−r−1) )&&(yc >( r )&&yc <( smatyl
−r−1) ) ) | ( ( yc >( smatyl l+r )&&yc <( smatyl−r−1) )&&(xc >( r )&&xc <(
smatxl−r−1) ) ) ;
37 while ( not ( check ) ==1)
38 yc=round ( smatyl∗rand ) ;
39 xc=round ( smatxl∗rand ) ;
40 i f ( yc <( smatyl l+r )&&xc <( smatx l l+r ) )
41 d i r = rand ;
42 i f d i r >=( smatxl/smatyl )
43 yc = round ( ( smatyl−( smatyl l+r ) ) ∗rand +( smatyl l+r ) ) ;
44 e l s e
45 xc = round ( ( smatxl−( smatx l l+r ) ) ∗rand +( smatx l l+r ) ) ;
46 end
47 end
48 i f type == 3&&smatxl <smatx
49 check = ( ( xc >( smatx l l+r )&&xc <( smatxl−1) )&&(yc >( r )&&yc <(
smatyl−1) ) ) | ( ( yc >( smatyl l+r )&&yc <( smatyl−1) )&&(xc >( r
)&&xc <( smatxl−1) ) ) ;
50 e l s e
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51 check = ( ( xc >( smatx l l+r )&&xc <( smatxl−r−1) )&&(yc >( r )&&yc
<( smatyl−r−1) ) ) | ( ( yc >( smatyl l+r )&&yc <( smatyl−r−1) )
&&(xc >( r )&&xc <( smatxl−r−1) ) ) ;
52 end
53 end
54 r p a r t = max(max( matcomposite ( [ xc−r : r+xc ] , [ yc−r : r+yc ] , 1 ) .∗ submat
) ) ; % Radius of p o t e n t i a l e x i s t i n g p a r t i c l e
55 nerr = 0 ;
56 while r p a r t > 0 % I f we encountered an e x i s t i n g p a r t i c l e
57 i f r p a r t == 150
58 xc = round ( ( smatxl−smatx l l ) ∗rand+smatx l l ) ;
59 yc = round ( ( smatyl−smatyl l ) ∗rand+smatyl l ) ;
60 end
61 nerr=nerr +1;
62 mp = 0 . 6 ; % mutation parameer
63 s h i f t s c a l e = ( 0 . 2 5 + nerr/ e r r ) ∗mp∗ r ; % how much to attempt to
s h i f t by
64 xc = round ( xc+ s h i f t s c a l e ∗rand−0.5∗ s h i f t s c a l e ) ; % New x
c e n t r e
65 yc = round ( yc+ s h i f t s c a l e ∗rand−0.5∗ s h i f t s c a l e ) ; % New y
c e n t r e
66 i f nerr > e r r /5 && type ==1
67 xc = r+round ( ( smatxl−2∗r ) ∗rand ) ;
68 yc = r+round ( ( smatyl−2∗r ) ∗rand ) ;
69 end
70 i f nerr > e r r /1.05 && type ==3
71 xc = r+round ( ( smatxl−2∗r ) ∗rand ) ;
72 yc = r+round ( ( smatyl−2∗r ) ∗rand ) ;
73 end
74 i f type == 3&&smatxl <smatx
75 check = ( ( xc >( smatx l l+r )&&xc <( smatxl−1) )&&(yc >( r )&&yc <(
smatyl−1) ) ) | ( ( yc >( smatyl l+r )&&yc <( smatyl−1) )&&(xc >( r
)&&xc <( smatxl−1) ) ) ;
76 e l s e
77 check = ( ( xc >( smatx l l+r )&&xc <( smatxl−r−1) )&&(yc >( r )&&yc
<( smatyl−r−1) ) ) | ( ( yc >( smatyl l+r )&&yc <( smatyl−r−1) )
&&(xc >( r )&&xc <( smatxl−r−1) ) ) ;
78 end
79 while ( not ( check ) ==1)
80 yc=round ( smatyl∗rand ) ;
81 xc=round ( smatxl∗rand ) ;
82 i f type == 3 && smatxl <smatx
83 check = ( ( xc >( smatx l l+r )&&xc <( smatxl−1) )&&(yc >( r )&&
yc <( smatyl−1) ) ) | ( ( yc >( smatyl l+r )&&yc <( smatyl−1) )
&&(xc >( r )&&xc <( smatxl−1) ) ) ;
84 e l s e
85 check = ( ( xc >( smatx l l+r )&&xc <( smatxl−r−1) )&&(yc >( r )
&&yc <( smatyl−r−1) ) ) | ( ( yc >( smatyl l+r )&&yc <( smatyl
−r−1) )&&(xc >( r )&&xc <( smatxl−r−1) ) ) ;
86 end
87 end
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88 r p a r t = max(max( matcomposite ( [ xc−r : r+xc ] , [ yc−r : r+yc ] , 1 ) .∗
submat ) ) ; % Radius of p o t e n t i a l e x i s t i n g p a r t i c l e
89 i f nerr > e r r




94 i f nerr < e r r
95 %generate a new guess f o r next p a r t i c l e
96 s h i f t s c a l e = ( 0 . 2 5 + nerr /1000) ∗1∗ r ;
97 % Ensure p a r t i c l e does not go outs ide of al lowable region
98 i f type == 1 ; R = 2 5 5 ; G = 1 0 0 ; B = 1 0 0 ; end
99 i f type == 2 ; R = 1 0 0 ; G = 2 5 5 ; B = 0 ; end
100 i f type == 3 ; R = 1 0 0 ; G = 1 0 0 ; B = 2 5 5 ; f i b r e l i s t ( f ind (
f i b r e l i s t ( : , 1 ) ==0 ,1 , ’ f i r s t ’ ) , : ) = [ r , xc , yc ] ; end
101 matcomposite ( [ xc−r : r+xc ] , [ yc−r : r+yc ] , [ 1 ] ) = [R.∗ submat ]+
matcomposite ( [ xc−r : r+xc ] , [ yc−r : r+yc ] , [ 1 ] ) ; % Drop the
p a r t i c l e in
102 matcomposite ( [ xc−r : r+xc ] , [ yc−r : r+yc ] , [ 2 ] ) = [G.∗ submat ]+
matcomposite ( [ xc−r : r+xc ] , [ yc−r : r+yc ] , [ 2 ] ) ; % Drop the
p a r t i c l e in
103 matcomposite ( [ xc−r : r+xc ] , [ yc−r : r+yc ] , [ 3 ] ) = [ B .∗ submat ]+
matcomposite ( [ xc−r : r+xc ] , [ yc−r : r+yc ] , [ 3 ] ) ; % Drop the
p a r t i c l e in
104 end
105 xc = round ( xc+ s h i f t s c a l e ∗rand−0.5∗ (0 .25+ nerr /1000)∗ r ) ; % New x
c e n t r e
106 yc = round ( yc+ s h i f t s c a l e ∗rand−0.5∗ (0 .25+ nerr /1000)∗ r ) ; % New y
c e n t r e
107 end
Nearest neighbour analysis script
1 r l i s t = f i b r e l i s t ( : , 1 ) −0.5;
2 f o r i = 1 : length ( f i b r e l i s t )
3 x1 = f i b r e l i s t ( i , 2 ) ;
4 y1 = f i b r e l i s t ( i , 3 ) ;
5 r1 = r l i s t ( i ) ;
6 d i s t s = ( x1−f i b r e l i s t ( : , 2 ) ) .^2+( y1−f i b r e l i s t ( : , 3 ) ) . ^ 2 ;
7 distmins = ( min ( d i s t s ( d i s t s >0) ) ) ;
8 nns = f ind ( d i s t s ==distmins ) ;
9 nns = nns ( 1 ) ;
10 r s = r l i s t ( nns ) ;
11 r s = r s ( 1 ) ;
12 r1 ;
13 d i s t ( i ) = s q r t ( distmins ) /mean ( [ r1 , r s ] ) ;
14 nnd ( i ) = min ( s q r t ( distmins )−r1−r l i s t ( nns ) ) ;
15 x2 = f i b r e l i s t ( nns , 2 ) ;
16 y2 = f i b r e l i s t ( nns , 3 ) ;
17 i f x2>x1 && y2>y1
18 nna ( i ) = atand ( ( y2−y1 ) /( x2−x1 ) ) ;
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19 e l s e i f x2<x1 && y2> y1
20 nna ( i ) = 90+ atand ( ( x1−x2 ) /(y2−y1 ) ) ;
21 e l s e i f x2<x1 && y2<y1
22 nna ( i ) =180+ atand ( ( y1−y2 ) /( x1−x2 ) ) ;
23 e l s e i f x2>x1 && y2<y1
24 nna ( i ) = 270+ atand ( ( x2−x1 ) /(y1−y2 ) ) ;
25 end
26 end
27 f i g u r e ( 7 )
28 %ksdensi ty ( d i s t )
29 histogram ( dis t , 1 0 0 , ’ Normalization ’ , ’ p r o b a b i l i t y ’ )
30 f i g u r e ( 8 )
31 c d f p l o t ( nna )
32 hold on
33 p l o t ( [ 0 , 3 6 0 ] , [ 0 , 1 ] )
34 p l o t
( [ 0 , 9 0 , 9 0 , 1 8 0 , 1 8 0 , 2 7 0 , 2 7 0 , 3 6 0 , 3 6 0 ] , [ 0 . 1 2 5 , 0 . 1 2 5 , 0 . 3 7 5 , 0 . 3 7 5 , 0 . 6 2 5 , 0 . 6 2 5 , 0 . 8 7 5 , 0 . 8 7 5 , 1 ] ,
’−.o ’ )
35 p l o t
( [ 0 , 6 0 , 6 0 , 1 2 0 , 1 2 0 , 1 8 0 , 1 8 0 , 2 4 0 , 2 4 0 , 3 0 0 , 3 0 0 , 3 6 0 , 3 6 0 ] , [ 0 . 0 8 3 3 , 0 . 0 8 3 3 , 0 . 0 8 3 3 + 0 . 1 6 6 7 , 0 . 0 8 3 3 + 0 . 1 6 6 7 , 0 . 0 8 3 3 + 2∗0 . 1 6 6 7 , 0 . 0 8 3 3 + 2∗0 . 1 6 6 7 , 0 . 0 8 3 3 + 3∗0 . 1 6 6 7 , 0 . 0 8 3 3 + 3∗0 . 1 6 6 7 , 0 . 0 8 3 3 + 4∗0 . 1 6 6 7 , 0 . 0 8 3 3 + 4∗0 . 1 6 6 7 , 0 . 0 8 3 3 + 5∗0 . 1 6 6 7 , 0 . 0 8 3 3 + 5∗0 . 1 6 6 7 , 1 ] ,
’−−∗ ’ )
36 hold o f f
37 x l a b e l ( ’ Nearest neighbour angle ’ )
38 legend ( ’ Generated micros t ruc ture ’ , ’ S t a t i s t i c a l l y random ’ , ’ Square
packed ’ , ’ Hexagonal packed ’ )
39 y l a b e l ( ’ Cumulative d i s t r i b u t i o n funct ion ’ )
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